Aspects of the EVV Standard Model

Jonas M. Lindert

UusS

University of Sussex

UK Research

Science & Technology

@ Facilities Council and Innovation

MCnet Summer School
Durham

July 2023




1“' —T‘t F;v P

Bt g
W ReVE

The EW SM

‘f- an ¥ ;o.n '.-' Vhge
2T Y r ’
'.ct Y& .
I" ‘ P
_fon g
. + L¢D)& +h. IR
!

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

eV scale

Global EW fit



The EW SM

Symmetry:

SUB3)e x SU2)L x U(1)y =225 SU(3)e x U(1)gm

Matter content:

* 3 families of matter particles (quarks and leptons) in fundamental
representations

*3+3+ 1| Gauge fields in adjoint representations

* | Higgs doublet in fundamental representation of SU(2) acquires

vacuum expectation = electroweak symmetry breaking (EVWSB)







LYa,ng—Mills

classical
»C »CYang—Mills =+ »CFermi =+ »CYukawa =+ EHiggs



The EVW SM In a nutshell

£Yang—Mills L:Fermi »CYukawa LHiggS

£01a881ca1

uh o Dyl + diy' o™ D, di,

with the field strength tensors: + 156D, + el 0" Dyel |
Ga _ 8 Ga —8 Ga, —I—gsfabCGch
W, =0, W, —0,W) + g2/ "WIW .

By, = 0,B, aB( )

structure constants gauge couplings

with the gauge covariant derivative:

Y
D, =0, +igs TG, +igI'W ), + zglalBM



The EW SM In a nutshell
ﬁclassical

SM — »CYang—MillS LFermi »CYukawa LnggS
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structure constants gauge couplings
= F-F-V, V-V-V (TG) and V-V-V-V (QG) couplings are related!
= fr. =2, fr=1under %U(Q)
= Y suchthat@ = Iz + 7 (Gell-Mann-Nishijima relation) 7




The EW SM In a nutshell
Eclassical

SM — »CYang—Mills »CFermi »CYukawa

with Higgs potential:

p)

V(D) = —2dfTd + Z(<I>Jf<I>)2 A A >0
MminiMmum at e
V= ——
o\

Expand @-field around minimum:
Would-be Goldstone bosons

i 5* (@)
O(x) = ( \/%(vqtho(x) +iW

mg = vap = 2 -
— M = Ve = o = mass terms for W, B (however, not diagonal)

— unbroken fields are not eigenstates of U(1)em

LHiggS




The EW SM In a nutshell
Eclassical

SM — EYang—MiHS LFermi LYukawa LnggS

where:
1
Wi = _(Wl -+ WQ) cos Oy = J2 _ W
M 92 o/ 1174 7
0 - 3 . VIi+gs Mz
Z, =costyW;, — sinfwB,, i By — 291 2
A, =sinOwW? + cosbwB,, Vi + g3
- ~ and;
physical fields unbroken fields Gov
mw =Ty
v/ ,  |™couplings and
mz = _\/91 + g5
9 gauge boson masses

g192 are related!




The EVW SM In a nutshell

»CYang—Mills »CFermi »CYukawa LHiggS

Eclassmal

LYukawa, —

Yukawa couplings

After EVWSB:
- U f *due to unitarity these matrices drop out iIn NC
o \/§yij interactions: no FCNCs in the SM

e a non-trivial matrix remains in CC interactions:

These can be diagonalised: / 2 non-trivi
3

¢ = io” P



The global EW fit
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Parameter Input value Frcc Fit Result Wi “Xp-1ap ut _ ‘Tdo exp- Input g 190 — -
in fit in line in line, no theo. unc B S _
M [GeV] 125.1+ 0.2 yes 125.1+0:2 100.2+244 10037235 180 - /\_/ ]
My [GeV] 80.379 4 0.013 - 80.363 4 0.007 80.356 4 0.008 80.356 + 0.007 E L e x -
Ty [GeV] 2.085 4 0.042 - 2.091 40.001 2.09140.001 2.09140.001 170 = 5D, N o ~
Mz [GeV] 01.187540.0021  yes  91.1879+£0.0020  91.19674+0.0099  91.1969 4 0.0096 160 - / Results of the EW fit -
'z [GeV] 2.4952 + 0.0023 - 2.405040.0014  2.4945+0.0016 2.4045 4 0.0016 - — Measurements 68% confidence levels
ol [nb] 41.540 4 0.037 = 41.483 4 0.015 41.474 4 0.016 41.474 £0.015 C Tevatron = PDG .
0 150 — é LHC LEP EW WG —
RY 20.767 4 0.025 = 20.744 4 0.017 20.725 4 0.026 20.724 + 0.026 C Grtor it 1 _
[ e iter, INCl. —
At 0.017140.0010 ~  0.01623+£00001 0016224 0.0001  0.01624 4 0.0001 (] | 4 Tevatron Jlr LHC * (searches or In?,eas_) .
(*) _ 140 1l L1 1] L1 1] L1 1] L1 1] L1
Ay 0.1499 4 0.0018 0.147140.0005  0.1471+0.0005 0.1472 4 0.0004 1995 2000 2005 2010 2015
sin%’s (Qrp) 0.2324 4 0.0012 —  0.231514+0.00006 0.231514+0.00006 0.23150 4 0.00005 Year
sin%’ (TEV) 0.2318 + 0.0003 —  0.231514+0.00006 0.231504£0.00006 0.23150 4 0.00005
L I I I 1 | I I I I I I I I I I |: I I I I I I I I | I I,
— > [ 1.1 -
A, 0.670 £ 0.027 0.6679+0.00022  0.667940.00022  0.6680 + 0.00016 3 [ 68% and 95% CL contours B oot 2t .
Ap 0.923 +0.020 —  0.934754+0.00004 0.93475+£0.00004 0.93475 4 0.00003 ©. 0.5 — M Fitwio M,, and m, measurements 1 il P
Ape 0.0707 4+ 0.0035 = 0.073740.0003  0.0737+0.0003 0.0737 4 0.0002 EE - Fit w/o M, m and M, measurements  [iij — © =046 ®0.50,  G&V d
Ag’g 0.000240.0016 — 0.1031 40,0003 0.1033 4 0.0004 0.1033 £+ 0.0003 [ Direct M,, and m measurements :: i _
R 01721400030 - 0172264000009 979961 0.00008  0.17226 = 0.00006 80.45 1 —
R! 0216294000066 -  0.215794£0.00011 0215784+0.00012 0.21577 + 0.00004 . i
i [GeV] 1.27 4551 yes 1273007 - - 504 i
i [GeV] 4.20+9.17 yes 4.20+9.17 - - -
— M b.+1
my [GeV](¥) 173.06£0.94  vyes 173.54 + 0.86 175.97 211 176.00 7203 80.35 — 11" _ 50,479+ 0,013 GeV , -
Acl®, (M2 (12) 2758 + 10 yes 2756 + 10 2738 + 41 2739 + 39 B e ~
s (M2) - yes 0.1197 455028 0.1197 +0.0030 0.1198 + 0.0028 80.3 :_ P ' _:
(*)Avcragc of LEP (4, = 0.1465 £ 0.0033) and SLD (4, = 0.1513 &£ 0.0021) measurements, used as two measurements in the B -’ a3 e . EE 94 ’,f" ]
fit. The fit w/o the LEP (SLD) measurement gives A, = 0.1471 £0.0005 (4, =0.1469 £ 0.0005 ). (%) Combination of - @3\} - o2 codl G5 —
A 6@ ” ‘\‘?53 QQ “ qf’ . =
experimental (0.8 GeV) and theory uncertainty (0.5 GeV). " In units of 10™°. (“)Rescaled due to a. dependency. 80.25 B @\\5/" RV RWes R H fitter|sw ]
_,"I ’l | | | | | | ,}' | | | L |’ :E | | | I | | | | | | l—
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m, [GeV]



Drell-Yan: Mw measurements

* Motivation: Mw Is a derived quantity = precise measurement Is a stringent test of SM!
* Method: template fits of sensitive CC DY distributions (pr.1, M7, Emiss )
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* Need to control shape effects at the
| =gy SUb-1% level
e Dominant effects: QCD ISR and QED FSR
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[Calame, Chiesa, Martinez, Montagna, Nicrosini, Piccinini, Vicini;" | 6

— [heory precision essential for improvements in m\W determination!




-W standard candles at hadron colliders
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The global EFT/SMEFT fit

A«\/\/Hson coefficients

dimensional scale

X3 HS and H*D? VP H3
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The global EFT/SMEFT fit

O 4&\VVilson coefficients

Az

dimensional scale
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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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Theory frontier
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loops

Theory frontier

precision

experimental reality

2—1 292 293 224 295 290 2/ 238

legs



loops

Theory frontier

precision

computational
complexity

experimental reality

2—1 292 223 224 25 2920 27 23

legs



loops

Theory frontier

Automated in NLO+PS MCs
(MG5_aMC@NLO, Sherpa, Powheg,...)

2—1 292 293 224 295 290 2/ 238 legs

20
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Theory frontier

Automated in NLO+PS MCs
(MG5_aMC@NLO, Sherpa, Powheg,...)

' (public) NNLO fixed-order tools
for all SM processes
op—H,V
op—VV,HV.HH,Vj,ij, QQ

D52 253 2-4 255 296 27 28 egs




loops

Theory frontier

Automated in NLO+PS MCs
(MG5_aMC@NLO, Sherpa, Powheg,...)

» (public) NNLO fixed-order tools
for all SM processes

° ® fixed-order frontier

2—1 292 293 224 295 290 2/ 238 legs
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Theory frontier

PS matching

EW corrections

Resummation

22 293 2924 295 290 297 28

legs
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The need for precision

do =doro + asdonro + agw doNL,O EW

NLO QCD

2
+Qg dO'NNLO

NNLO QCD

-I—Oé?é donNLO 4+
N3LO QCD

<—> only known for inclusive-H,

g~ 0.1

OREW " 0.01

NLO EW

e Fixed-order I\

*Still computat

LO
onal

-W

y ve

aMC@NLO, Sherpa, Herwig... &
Recola, Madloop, Gosam, Openloops

dedicated MC's: Matrix, ...

argely automated

ry challenging for high-multiplicrty

(2 = 5,6,/) processes: VBS,VVV, off-shell top-processes, ...
* Consistent matching to parton showers only available for

few selected processes (DY,VV, HV)

Oa) ~ O(a?) =

DY

NLO EW ~ NNLO QCD

24



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)
26




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. ﬁ (t-channel enhancement)

_|_
pp — e U vy

dorog = da L+ dof )

I ‘ [T 71 ‘ ‘ I I ‘ [T 71 :

E 1.1 — —

Ak -

Q) N

& \

% 1.0 T \ SR NN
: AR

"G ]

E _

0.9 ]

o =YPDF === CT14 **°** none . ]

i —==LUX === NNPDF3.0 Teee -

no V B | I I | [ | | II | I I | [ | | II | hd I |

10 20 50 100 200 500 1000 2000

myy [GeV]

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

=*» O(10%) contributions from photon-induced channels

27



. _ Hard (perturbative)
-V Theoretical Predictions for the LHC  ering process

k) T
'J_'.'JJ”{_T"'J’

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

] ]
»CC assica EYang—Mills - »CFermi = »CYukawa an LHiggs
At quantum level: Layv = Lda’ssmal + ﬁgauge_ﬁx + Eghost
(unitary gauge unfeasible at higher—ordersmy \
1 - 0

Lomgetix = =5 (F3 + F§ + 2P, F_ + F2.). Lanost = U (@) g5z u ()
Fa = ! o" A Fga = 707G, ]

A= ead Au Ga = §_G ‘0

1 1 L

Fy = g—Z(({?“Zg —mz&9%Y), Fy = g—W(ﬁ’“W[L‘ imw €Y oF)

Gauge fixing parameter

29



. _ 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!

L N

Re{MLO Miwov)

2

IMnNLOR

|

\

Mnro.r[?
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NLO Tools: automation of NLO EW

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

1 1

donro = o [Mrol? + 2Re{MroM1ov} ]+ =— Mnror|’

25S

* NLO Monte-Carlo integrators (+subtraction):
» MadGraph aMC@NLO (FKS)

» Sherpa (CS)

/ \\
* one-loop (& tree) amplitude provider:

e MadLoop (OpenLoops)

e GoSam (Unitarity & OPP)

» POWHEG-BOX (FKS)

e OpenLoops (OpenLoops)

e Recola (NLO Recursion)

* NLO fixed-order integrators:

e MUNICH/Matrix (CS)

* Integral reduction libraries:

~ » CutTools * scaler one-loop libraries
e Golem95 e QCDLooOp
« COLLIER \ « OneLoop
e Ninja e COLLIER
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NNLO Ingredients

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

5 1 i
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 —_— | 3 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

)
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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
1

* Naively processes with a massive s-channel propagator diverge when 2 _ 2 propagator ~ :
* Experimentally we now resonances follow Breit-Wigner (BWV) shape pc—M
* Origin: all-order summation of | Pl corrections to propagator of

massive particles

... e, —

— o IPI=~ + —(IPL{1PI}~ + -

propagator ~ .
1 1 , 1 |
I G T TR T
G tric seri - 1\‘% -3(k*) \" _ L N
COMELrIC Series k2 MOZ —~ L2 _ MOQ k2 MOQ + 2 (k2) k2 — Mg — 1Myl Optical theorem—
( S [ ~ L ImX(M2)
[P [ o~ BW

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

Thus, In general it might (and will) break gauge invariance when applied naively.
* (Usually) not a problem at LO, 1.e. also not for vector boson decays into leptons at NLO QCD
r dk? ™ 5 5
» Alternative: narrow-width approximation (NWA) I'/M — 0: / (k2 —m?)%2 + m?T O =)
Advantage: reduces complexity in NLO computation - dI'gec
However: unable to capture off-shell effects I 36




The need for off-shell computations:VV
[Biedermann, M. Billoni, A. Denner, 5. Dittmaier, L. Hofer, B. Jdger, L. Salfelder ;1 6]

0 S I I I ! ! ! ! ! U | | ! I
10 e, -DF-WW 94 l —5 + i, T T o
-"'-. 5PPA __________ _10 i i B ELEETE b 1
[H. qq
20t e i
§ T o §—15 B
< 30 | R . =20 |
—40 + . 20 r 5-
_30 B qq
SDPA
_50 | | | | | | | | | _35 i qq | | | | |
100 200 300 400 500 600 700 800 900 1000 0 200 400 600 200 1000
pT,e— [GeV]

pp — V(= OV (= 00"

q W .
\?w<¥/ VS.
Q/NVVV“< .

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



Decays of heavy particles

» |Leptonic decays of gauge bosons are trivial at NLO QCD. At NLO EW corrections in production,
decay and non-factorizable contributions have to be considered.

W+

a 0+ o+

» Scheme of choice: complex-mass-scheme [Denner, Dittmaier, et. al. |
* gauge Invariant and exact NLO

* computationally expensive: one extra leg per two-body decay
Renormalised self-energy:

. V(2 _ (2 2
» Analytical continuation at the level of the Lagrangian: | M — pu= M —I'M T = XpT) o
m effects propagators, Incl. numerators ,UQ with o2 =" (p%) | |
, , , o | . ) L W P==H;
= all derived couplings, incl. weak mixing angle: sin Oy, = 1 2
Z

= position of the pole In the renormalisation 38



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

Recola, Madloop, Gosam, Openloops

do = dor,0 + asdonro + opw 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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LO+NLL contrib

do /dpr [pb/GeV]

ratio to LO

LO

Sherpa
[Bothmann, Napoletano, '20]

10t

ET T 1 | T T 1 | T T 1 | | —
102 SHERPA
o F Z pp — 23333
1077 1) V5 =13TeV —E
I —=
0 =
1070 — —
10_7 8 LO ] .
g E — LO+NLL %
10 " E LO+NLL (resum) E
A A T T N Y N N M | I I | I
— T | T | N | R I N
1.2 — —
1.0
0.8 — -— —
B L m
0.6 — S
0.4 — —
0.2 11 | | L1 11 | L1 | L1 1 T
1.2 — —
0.8 — —
0.6 I' individual NLL contributions o
04F — C — PR — Yuk —
B LSC — SSC —_— 7 .
02 b 0 v L1 11T
500 1000 1500 2000
Pr.z [GeV]

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

Tools for

MadGraph>_aMC@NLO

[Pagani, Zaro, 2| ]

1072
pp—-ZZZ Vs=100 TeV — 1O
10-6 —— NLO EW
__ 1077
o] |
.2.' -8 l
c 10 .I
S o s
Q |
o 777
1011 |
10—12
0
B —2 1 —— NLO EW —— SDKy, S=ry —— SDK,
- NLO EW, noy m—— SDKyeak, S=rki == SDKyeax
-3
0.3
. —— NLO EW —— SDKy, S=ry —— SDK,
g 0.2 -+ NLOEW,noy == SDKypeak, S=rg == SDKyeax
S 0.1 ey (Ot
| e i l
& 0.0 41— —
—0.1 — [
103 104
pr(Z1) [GeV]
Ck
S MP e 2 § 1 My
901 Piy, soz wi;” "0

Ce1k _

7907,

1 [log2 7%1]
(P +pl)2 M\2/

sz;{:

— 24mO(r

kl) log

-W Sudakov corrections

49 b /GeV]

a
dpr

1/LO

1/LO

751

M

Openloops
[IML, Mai, to appear]

p— WIW-Z @13 TeV

=

 WWZ

—
—

|

oy
@)

—— NLLg,q EW
—— NLLg,y EW
NLOy; EW

|

|

I |""|""|"'} BN R L ""”

-
o

N
-
o

(S8

Pin

prz [GeV]

eik
Co
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-\VW uncertainties: QED radiation | NLOPS EW needs to be

resonance-aware: [Jezo, Nason, '| 5]

oo~ production | GUSChOW, Schonherr, "20]

NNN‘NNN‘NNN‘NNN‘NNN‘NNN‘NNN‘N%

[IML, Lombardi, Wiesemann, Zanderighi, Zanoli, 22| «
do/dmg, [fb/GeV] pp—et e u* v, @LHC 13 TeV

|
N

=
o
T

L Athr =1 _I_ LO |
- —+— YFS X EWapprox ~—— NLO EW .
"o+ PHOTOS X EWapprox

T 77

— °c .:' ° PHOTOS X EWapprOX 1 1 OO -

Conservative estimate of
hisher-order QED radiation:

S Lk R P

do/dmy, [pb/GeV]
S
o
|
1

SHERPA+OPENLOOPS

NLO EW

: " - NNLoggg OED)es

- 1071 0 ------------------------ ——— NNLOQCD.QED)pg

QCD+QED

E - -~ NNLOger.qes® o
- ] 10-2 N B B B B
- 1 dO'/dO'NNLOQCDQED

i i 1.2 -

L L R B 1.1 —;~II‘-\C-IUSIV-e-‘S-e’[-up‘-‘~-‘-‘-‘-‘--‘-‘-‘f-‘g-‘-—-a-;.; ------------ — e —

VS.

=

multi-photon radiation (YFS)

gED-PS ~

Ratio to Born

oot 0.7 """"""""""""""" f'_':_'_r-"_'""' N N Loggg PS —:

0.6 -_'.'_'.'_;'_'_'_;-'.'_-'-'-' aaaa '-‘-'-; -------- = NLO QCD QED)ps + 5NNLO ggB

/ s
d‘f donNLOgeR ey

————— NNLO QD)5 K- NLOf°

S 004 : os5L /[
ED E
AQ - ‘5EW _5EW+PS/YFS‘ ' 8|O 90 160 110
Mee [GEV]
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=
Y

=
o

o
Ne)

1/NLO EW

owards matching of NLO EW to parton showers

* Naive NLOvi EW+PS matching available in Sherpa

=SS dipole shower (not resonance aware) = significant mismodelling

=YFS resummation (resonance aware) = valid approximation

OI2V-DE  pp ¢ - wes O12V-DFE  pp ¢t - we, YFS (Multi-Photon-Resummation)
N AL R LA B ol N R N N S L B B
et 3 o |- L . | preserves resonance structure
—— Criy OiDe I — EW effects agree at the few
s percent level.
1o ) T A |
) / Source of differences:
: o e *Multi-poton effects in YFS
- [Kallweit, JML, Pozzorini, Schénherr; '17] . SR : eResonance-assignment in YFES
- ] 11 i °'.. ...... EWyi ©CSS {
‘ N Y% " N ‘~ N
{\“\\\“ﬁ“‘-‘f XN ““ . 8“’ _ | ‘wq‘= \ ;;ﬂ,______\
o Ewy b Zoodtl ! Ty CSS (Catani-Seymour-Shower)
-~ —— EWy; ® YFS g I gl l "
e B ©CS o R T S ~ % unaware of resonance structure
10 20 50 100 200 500 1000 m?jo[OGeV] 8o 100 120 140 160 180 200 ;;ZZ:/ [Ge\5/c])oo —) QED effeCtS |arge|y Overestlmated
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Resonance-aware matching: off-shell top-pair



Resonance-aware matching: off-shell top-pair

NLO

incl. off-shell/non-resonant/
interference effects

*|In a traditional off-shell NLO+PS calculation:
subtraction, matching and PS do not see/preserve intermediate resonances

*any (necessary) reshuffling/recoll might distort kinematic shapes!



Problem in POWHEG language

» Already at NLO:

* FKS (and similar CS) subtraction does not preserve virtuality of intermediate resonances

* Real (R) and Subtraction-term (5~B) with different virtuality of intermediate resonances
(Pg, Prad) «— CIDS) from FKS mappings

* |R cancellation spoiled

— severe efficiency problem!

» More severe problems at NLO+PS:;

Ra(q)a((I)Ba (I)rad))
B(®p)

* in POWHEG: do = B(®p)d®y | A(geut) + ZA(k%) d®,.q

Sudakov form-factor generated from uncontrollable R/B ratios:

4 (a) N
R(D o
A((I)BapT) —expq — 5 :/k B((CDZ)) dq)l("ac)i ‘
L o T>PT

/

* also subsequent radiation by the PS itself reshuffles internal momenta and does in general not
preserve the virtuality of intermediate resonances.

— expect uncontrollable distortion of important kinematic shapes!



The resonance-aware bb4l generator
[lezo, IML, Nason, Oleari, Pozzorini, "1 6]

» Full process pp — b66+V€,u_5,u with massive b's (4FS scheme)
» Implemented in the POWHEG-BOX-RES framework

bba/l

res-default

—o— res-off

TS 9 Tes-gquess

/

do/doyy, do/dmw,, [pb/GeV]

150 160 170 180 190 200
My, (GeV]

=
oy

Standard POWHEG matching:

Physics features: * Standard FKS/CS subtraction does not preserve
* exact non-resonant / off-shell / interference / virtuality of intermediate resonances = R and B
spin-correlation effects at NLO (~S) with different virtualities.
» unified treatment of top-pair and Wt production * R/B enters POVWHEG matching via generation of

with interference at NLO radiation and via Sudakov form-factor
— uncontrollable distortions —

* consistent NLO+PS treatment of top | |
resonances, including quantum corrections to top Resonance-aware POWHEG matching:[Jezo, Nason, 1 5]

propagators and off-shell top-decay chains » Separate process in resonances histories

* Modified FKS mappings that retain virtualities
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R} | o
erturbative expansion: revisea AMC@NLO, Sherpa, Herwie. . &

Recola, Madloop, Gosam, Openloops

do = do1o + agdonto + apw doONLO 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

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

scale variation at NNLO sufficient?



Mixed OQCD-EW uncertainties

, pr = itjenat 3TV [Gitschow, ML, Schonherr,
Tr— 10 E T T T ] T ‘ N T %
pp ~Z(tT ) +jes@13Tev  [[ML et al: [ /05.04664] 3 - “—I—|=I= S
%‘ 1 %_‘_Ll_‘—- I I I I I T | I éf ""é‘_‘ 1072 . | g
Q 107" = g Z . t —= £ o3 tt+Jet é
, . "‘éj 10 2 ig — +Je S é g 10 * — E
Bold estimate: 1 . E LI o) i}
ﬁ: 10:: ;? I_I-l-"'-..l_l_h é 10:; ...... i% S\JI;O;(\)/;S | :13
. . = 10 S —= 10 7 g — tt +jet (NLO EW =
Consider real (’)(ozozs) correction to S 106 e 3 1078 - | =
' [ — E I-l— E 10_9 - | ‘ | 1 | l‘ | ‘ | ‘ | 1 | l‘ | 7
X production ™~ NLO EW to X+ | jets OTE 2 e S S e sy +
1078 & Z(£H07) +2ets SR - it -
1079 £ = E: L0 PR ]
—10 F (= e i ]
and we often observe Cor 2] T —— S I :
S = =z %9 7
- - T e — o - - tt O virt N
doNLo EW doNLo EW <1y - E —— E ] (VL0 EW 510,11
doro  1X +jet doro 1X ~ P B e R T I I A =
E _0.4 z_ —_-I_E—; B I ‘ L ‘ I ‘ I ‘ L ‘ ] |
-0.5 ;— —; - ttj :
0.6 — — o 10 e S ]
°7 e — R :
In these cases strong support for 01| | - 3 ol F‘H—_H_L R
. . = = — fullNLOEW o . 52 9L o ]
° fac‘to 1S a‘tlon §50.05 — —— without QCD-EW interference in V4 = E Z:;Et gig Exvft£021+12) E
C : , , = - . 0.8 — t + jet (NLO EW + LOyq 15 + ANLO,y., 13) —
* multiplicative QCD x EW combination . °: — SN R e
' ' ! :\90'05 :_ _: o4 ; ?
* Consider only such non-factorising - ; s I
. o1 - L - 51 - -
effects as uncertainty!? P — :
prv [GeV] ]S 098 - NLO EW tFj/tf -
T. 0.96 |— —]
. p J’2 > 30 Gev N R | | ol |
dO-NNLO QCDXEW — dO-LO (1 + 5QCD) (1 + 5EW) o e

oT;> 30 GeV



dO‘/de,V2 [fb/GeV]

K-factor

dO’/dO‘NNL() QCD — 1[%]

EVW uncertainties; QCD-EVV Interplay

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

pp — U vpy

N/
baseline cuts moderate QCD corrections
» NNLO/NLO QCD very small at large pTV2
- » NNLO QCD uncertainty: few percent
107° LO
10~ 7 NLO EW
1078 | —— gﬁfgg@ggp - *NLO EW/LO=-(50-60)% @ | TeV
2 F
| donnLo QepirEw = dopo (1+ 0gcp t Opw) + dofd
0.5 } i
== NLQEW/LO, / | doxnLo qepxew = doro (1 +dgep) (14 dpw) + doty,

—= NNLO QCD /NLO QCD

0.2

’ = doxnLo @epreEw T d0L000eD 9EW

20 |

*difference very conservative upper bound on Oasa).dovo dqep dpw

40 |

—60 | == NNLO QCD

L = NNIO GCD4EW _- *multiplicative/factorised combination superior (EVV Sudakov logs x soft QCD)
—80 r = NNLO QCDxEW_ - — 1

100 . QUDXEW ) S _5 5 5non og

100 200 500 1000 : *alternative: “EW T T

S NNLO QCDxEW
v L O(asa) =doro dgep (05% + opm %)




do /dpr v, [fb/GeV]

K-factor

dU/dUNNU)QCD——lﬁ%]

+40

B — NNLO QCDxEW
—100 ¢ | e

pp — U T vp Dy

Combination of QCD and EVV corrections

LO
NLO EW
— NLO QCD

—= NNLO QCD

1.7

baseline cuts

[ NLO EW /LO
- —— NLO QCD /LO

. ——= NNLO QCD /NLO QCD

S—=———=,

E

- —— NNLO QCD-+EW
- 1 NNLO QCDxEWq

et :
B — NNLR

%

100 200 000

prv, |GeV]

STV

1000

*NLO QCD/LO=2-5! ("giant K-factor’™)
*at large pIVI1:VV phase-space I1s dominated by V+jet (w/ softV radiation)

00y — dO‘V(V)j QZ
/«va_; Lo ¢ as log? (M2 > ~ 3 at Q= 1TeV
4% 7%

* NINLO / NLO OCD moderate and NNLO uncert. 5-10%

o~ +NLO EW/LO=-(40-50)%

*Very large difference donnpo QoD tEW V. doONNLO QCD xEW

* Problems:
|. In additive combination dominant V| topology does not receive any EVW corrections
2. In multiplicative combination EVW correction forVV is applied to V| hard process

*Pragmatic solution |: take average as nominal and spread as uncertainty
* Pragmatic solution Il: apply jet veto to constrain Vj toplogoies
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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 _
- EEEEEEEsEsEES il e S = < 08— s TX O TIP Lt it ol LS N S
= e e e <) - A A . eeder]
- N T BT BT BT B B R R 0.6 - | | ] N
0 100 200 300 400 500 (oo 700 8o0 900 1000 0 500 1000 1500 2000 2500
PT 2 [GeV] mzezy [GeV]

ASSOCIATED CONTRIBUTIONS VARIATIONS EW;
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Perturbative expansion: revised ||

* In general combined expansion In &s and X 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 &s and X 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 &s and X necessary:

dazda(a?oz ) +do(a? o™ +o(a? 2™ ) 4.

e also at NLO:

"NLO QCD”

“subleading Born contributions™: LO2, LO3

>“"”<>W< N

_I_O_( n—+1 m)_I_dO_( 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 &s and X necessary:

dazda(a?oz ) +do(a? o™ +o(a? 2™ ) 4.

“subleading Born contributions™: LO2, LO3

>”“<>W< N

_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 &s and X necessary:

dazda(a?oz ) +do(a? o™ ) 4 o(al 2™ ) + L.

“subleading Born contributions™: LO2, LO3

>”“<>W< N

—|—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”

P 0

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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Example: dijet production at the LHC

LO, (0d) —o— LOg (02,) —e— NLO, (05aty) — NLO, (02 ) —
LO, (0gCtgm) —5— NLO; (0d) —  NLOg (ag02m) all orders —

[Frederix et al. 1612.06548] -

all orders

|
MadGraph5 aMC@NLO

——

do/dp™™ [pb/GeV]

)
O
AN
Relative unc
I
i

0.8 F :

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
p?c' [GeV]

Be aware of double counting: LO3 = DY with hadronic decays
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VV+2jets production

Note: severe QCD background to VBS signatures + interference:

LO

NLO

QCD-background interference VBS—signa\

— do 042a4 + do( ozsoz )+ do(«

s e

-+ do(aia?) +do(aza®) + do(aga®)

“NLO QCD” “NLO EW" “NLO QCD” “NLO

WY

*direct access to quartic EW
gauge couplings

*\/BS:

ongrtudinal gauge

bosons at high energies

*window to electroweak
symmetry breaking

via off
(ensu

-shell Higgs exchange
res unitarity)
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Note: severe QC

VV+2jets production

D background to VBS signatures + interference:

VS.

QCD-background interference VBS—signa\

LO

NLO

= do(aza®) +do(asa®) + do(a

e

-+ do(aiat) + do(aza®) + do(asa®) + o(a’)

“NLO QCD" "NLO EW" “NLO OCD” “NLO

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

= always

WY

*direct access to quartic EW
gauge couplings

*\/BS:

ongrtudinal gauge

bosons at high energies

*window to electroweak
symmetry breaking

via off
(ensu

-shell Higgs exchange
res unitarity)
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VBS-WHW+ @ full NLO

[Biedermann, Denner, Pellen " 6+ /]

" *) — 6 particles at NLO EW!
v/ Z/W
. *highly challenging computation!

*NLO corrections dominated by &’ :

10-9 . . . . . . . Order O(a’) O (asa®) O(aza®) O(aia?) Sum
“NLO QCD” i ' p ' 'M6' ll\ILO e gaNLO/[fb] = —0.211??92(3) —0.02658(5) —0.000032(13) —0.0(())643(4) —0.2;3%(7)

< 0 L ° | ONLO/OLO |70 —lo. —o. . —U. —17.
to EW mode 30 M - =
NLO BW” ol T Wwith My > 500GeV, prj > 30GeV, pre > 20GeV,
to EW mode = N LO: O(®) o™ [fb] | opy [fb] | dew [%]

® 0 L=

A T T NLO: O(a’) ~ 1.5348(2) | 1.2895(6) |

4 . . . . . . . |
0 100 200 300 406 500 600 700 800 — . . .
e GV *VERY large inclusive EVV corrections
“NLO QCD” “NLO EW” (dominated by Sudakov logs)

to QCD mode  to QCD mode

6/



Conclusions

» Precision Is key for EVW measurements,

as well as for searches.

» Global EFT/SMEFT allows to constrain BSM at higher scales

» EVV corrections become large at the leV scale
» Fixed-order NLO EW largely automated
» NLOPS including EWV corrections available for dedicated

processes and In different approximations

» Higher-order EW and mixed QCD-EW uncertainties K%?P
are becoming relevant. CALM

AND

measure w calculate

ON




Questions!?
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Convergence of the perturbative expansion: Drell-Yan

[Anastasiou et al,Z2003]

* NNLO calculation first performed for the inclusive
pp - (Z,77)+X

cross section [Van Neerven et al, | 990]

B ] N I I B
! —=NNLO/NLO at the few percent level
- _ " NNLO 1 * Rapidity distribution: | 3 years later!
S —| * Bands obtained by studying scale variations
\ I | ' '
. 1 varied in J=[mz/2,2mz]
B IR LO . ]+ LO and NLO bands do not overlap!
% ‘ = rror estimate at LO largely underestimated!
QE ol s = 14 TeV 1 * large contribution coming from gg channel that
i M = M j opens up at NLO
M/2 = u=2M
/) | T ]+ NLO and NNLO bands do overlap
T = Reliable error estimate only when all partonic
T channels contribute
= Higher-orders are crucial for reliable predictions q >A<' o
= Jse these precision predictions to ‘7 '

» stress-test the SM: QCD and EW a ' : iy '
» determine parameters and PDFs! (,MI ;Q<’ R-qg
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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 «:

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

LO NLO NNLO N3LO
e at the LHC consider in particular & = &s (QCD coupling),
. bo
but also & = ey (EVWV coupling) relevant — later!
1.0

1

* In QCD running strong coupling:  as = as(u) = s T .. |
bo In 52 0.8}

dO‘LO(,u) _ OCS(,U)RALO 06;

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

/2

* S0 the change of scale 1s an NLO effect («Xs).

e At LO the normalisation is not under control:

+ ...

B 11NC — 4nfTR
N 127

01.2 GeV
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Events / GeV

Data / SM

’recision for talls of kinematic distributions: direct searches for new physics

e.q ® 9 q 9 Vv

Dark Matter — DM VS.
N\ invisible in
0 DM /" detectors

invisible In
7 / detectors

V
107 BT e LHC13 50 contour (M1<O0)
ATLAS 79;6‘ Data 2015+2016 sS4 :
’ ‘(s_ Rogion o - Thanks to state-of-th T | E
5 ignal Region N ots ~O7T- — . : y ]
10 p%1)>25geev E™**>250 GeV =;V% "I ,ejtst dnis 1o -5 .a e O Cdi o 30: [BGFdUCCI; Sanz, et.al, /5] ]
10° B i g o theory predictions+tuncertainties -
10° W rutiets 0> for SM bac|<grounds S
s 2 ML etal, "1 7] 3%
10 D S ol
= 15[
1 <4 ez
10~ 10¢ 6\1(3)
1.2 |:| Stat. + Syst. Uncertaintes + ............. + ..................... + ............ _ / 5_ ~~~~~
B P ¢ = I
] ——————— 2} few percent! ey
................................................................................................................................................. N Al N
>® 7300 400 500 600 700 800 900 1000 1100 1200 °0 100 150 200 250 300
ET™ [GeV] MpM [GeV]

— Theory precision is key to harness full potential of LHC data!
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’recision for talls of kinematic distributions: indirect searches for new physics

SM New physics . - -
P Look for BSM effects in small deviations from SM predictions:
9 N— g 4 — . — 4
| VS. mmé — Higgs processes natural place to look at
g9 nn——L - - - L9 Whb o ey — very good control on theory necessary!
10" g MM next-to-leading order corrections

ceeees €=0.1,64=0.075 F
- - €=0.5,c4=0.042 - 101 .

00k, Higgs-pT ez

L
N S 20k
1. S L E R TR L b i al e A
2 ; ZASp
0.8 e S A s o= ol DML Kudashkin, Melnikov, Wever; 18] _
50 100 150 200 250 300 350 400 4(|)O 660 8(')0 10|OO 12'00 14'00 16'00 18'00

pr(H) [GeV] L [GeV]

— [heory precision opens the door to new analysis strategies!



QED radiation: IR safety

»collinear f — fy singularities

*cancelled clustering f and Y,
within cone of 2%y,
typically ARgy = 0.1

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

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

— problematic for QCD IR safety S A F E T Y
FIRST

BE CAREFUL
BE AWARE
BE SAFE
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QED radiation: IR safety

»collinear f — fy singularities

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

*or regularised via fermion masses
(at LHC only relevant for J = 1)

» 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, |)

/8



QED radiation: IR safety

» Solution: democratic jet-algorithm approach, partonic jets = {q, g, 7, |)

However: this yields soft gluon singularities <> hard photons inside jets

cancelled in jet-production at NLO EW
combined with Y-production at NLO QCD

» Solution: democratic parton approach p = {q, g, 7, 1) already at the level of the process definrtion

» Eg: pp— V +jets @ NLO EW

pp —V +3 @ NLO EW 9
O(Oé Oés)
pp—V +~v @ NLO QCD




QED radiation: IR safety

» Solution: democratic parton approach p = {q, g, 7, |) already at the level of the process definition.

» In this democratic approach a single isolated photon or lepton constitutes a jet.
.e. this essentially means: one multi-jet merged pp — njets sample for all SM processes.

» Problems:
|. How can we now define physical objects that are not jets! |.e leptons and photons.

2. Huge number of processes would have to be generated together. computationally not feasible.

» Separation of jets from photons through ty/Ejet < zy, Inside jets (same for leptons)
® rigorous approach: fragmentation functions

® agpproximation: gy recombination in small cone

difference < |9 for typical zn—~0.5 (analysis dependent)
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QED parton showers: YFS

O(a) pp—>Z/v—'ﬁ+ﬁ' Vs=14 TeV
103 | |
: LO ——
e The Sherpa module PHOTONS implements | NLO EW (e dressed) ——

102 L Sherpa (e dressed) ------
i NLO EW (u bare)
Sherpa (1 bare) ------

the YFS approach for higher-order QED

corrections N _
10" E

100 F__ﬂgdgfffﬁfifffgéif E

107"
100

do/dmy [pb/GeV]

* YFS:

= allows to resum universal leading soft
logarithms to all orders.

= can systematically be improved order-by-
order through the inclusion of full fixed-
order matrix elements, e.g. for V. = [+I-

= available within any high-precision QCD
simulation in Sherpa: MEPS@NLO,
UN2LOPS—Allows to study O(aas) effects.

O [Y%]

60 70 80 90 100 110 120
my [GeV]

[M. Schénherr, A. Huss in LH’15]



Resonance aware POWHEG

Rigorous solution to all these issues within POWHEG-BOX-RES [JeZo, Nason; "I 5]

|dea: preserve invariant mass of intermediate resonances at all stages!
v NLO:

* Split phase-space integration into regions dominated by a single resonance history

* within a given resonance history modify FKS mappings, such RES
- - (Dp, Braq) —— DL
that they always preserve intermediate resonances B, *rad R
= R and 5~B always with same virtuality of intermediate resonances
— |R cancellation restored

v NLO+PS;

* R and B related via modified FKS mappings
— R/B ratio with fixed virtuality of intermediate resonances
— Sudakov form-factor preserves intermediate resonances

v PS:

* pass Information about resonance histories to the shower (via extension of LHE)

* tell PS to respect intermediate resonances (available in Pythia8)

= resulting resonance-aware MC indispensable for precision top-mass measurements



[pb GeV 1]

do
dpr(et)

0.80 |-

0.8 |

0.75

0.9 F

0.80 |-

0.8 +

0.75

Resonance-aware PS matching @ NLO QCD + NLO E

NLOu+as+PSa ag /NLOag +PSu g

200 400

pr(et) [GeV]

100

500

80 85 90 05

[Chiesa, Re, Oleari "20]

NLOu s +PSa aq

NLOu s +PSa.as /NLOay+PSay -

100

M(p*p~) [GeV]

* Missing: photon-induced channels

105

NLO (QCD + EW) PS (QCD + QED)/

NLO QCD Ps (QCD

QED)

NLO (QCD + EW) PS (QCD + QED)/

NLO QCD PS QC

D
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