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Precision physics at the LHC — preliminaries

Standard Model Production Cross Section Measurements Status: Fobruary 2022
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» excellent agreement between SM predictions and LHC data,
< SM can only be challenged with highest possible precision!

» NNLO QCD ¢ NLO EW corrections meanwhile standard
in most 2 — 2 key processes
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Precision ingredients in predictions:
> fixed-order QCD (multi-loop amplitudes/integrals, NNLO IR subtraction, etc.)
» beyond fixed-order (resummation, parton showers, multi-jet merging, etc.)
» NLO EW corrections (multi-leg multi-scale amplitudes/integrals, etc.)

P salient features discussed in the following
> technicalities beyond this lecture (automation via
MADGRAPH5_AMC@NLO, OpENLOOPS, RECOLA/COLLIER, etc.)

Plan for this lecture:

> review some EW key processes/measurements
— V, VV, VVV production, VV — VV scattering, Higgs physics

» highlight significance of EW corrections

» highlight specific features of EW corrections
— off-shell effects

> touch upon some more subtle EW /photonic effects
< photon/jet separation

Note: Selection of topics by far not exhaustive (and personally biased)

Physikalisches Institut__;
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Single-W/Z production

Physics goals:

>
>
>

vyvyVvYyy

My, — detector calibration by comparing with LEP1 result

sin” 91" — comparable precision with LEP1 and SLC

Mw — exceeds LEP2 precision by factor of 2-3,
most recent AMHGTEAS = 16 MeV
(tension with AMGPY = 9MeV)

o, do — precision SM studies

decay widths 'z and I'w from My or M, tails

search for Z' and W’ at high My or Mt ,,

information on PDFs
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AW — v, event from ATLAS

FaTLas
EXPERIMENT
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A Z — pTu” event from ATLAS

ATLAS

EXPERIMENT

Run Number: 327265, Event Number: 117236869

Date: 2017-06-19 19:59:16 CEST
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Comments on the theory status

» fixed-order QCD corrections known to N*LO for cross sections, punr et al. 20

to NNLO for differential distributions
Hamberg et al '90; ... Melnikov et al. '06; Catani et al. '09, ...

» EW corrections known to NLO  Baur et al. '97; Zykunov '01; S.D. et al. '01; ...

+ higher-order improvements (universal corrections, multi-v)

> fixed-order mixed O(asar) corrections
(pole approximation for W/Z, for Z even fully off-shell)

S.D. et al. '14;'15;'20; Behring et al. '20; Bonciani et al. '21;
Armadillo et al. '22; Buccioni et al. '22; ...

» QCD resummations (gt resummation, SCET, etc.),
QCD/QED parton showers, etc.
< essential to describe pr spectra of W/Z bosons
Note:
Differential high-precision measurements very challenging due to
» QCD/top background for W bosons
> detector effects (Z production also used as standard candle)

» F1 measurements relies on calorimeter
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W /Z cross-section measurements at the LHC:

led

14 CMS Preliminary Updated 17/08/2023
—— Theory (N3LO QCD, MSHT20an3lo PDF set) &  pp-Z/y" + X-IL, 60 < my <120 GeV
R QCD scale uncertainty L pp-WH+ XLty I
1. — -
2.76TeV, 5.4pb~1, JHEP 03 (2015) 022 (for Z) T ppoW+X=L7Y;

5.02TeV, 298 pb~?, CMS-PAS-SMP-20-004 (for Z and W)
7TeV, 4.5fb"" (ee), 4.8fb" (uu), JHEP 12 (2013) 030 (for 2)
8TeV, 19.7fb"1, EPIC 75 (2015) 147 (for Z)

2.76TeV, 231nb"1 (uv), PLB 715 (2012) 66-87 (for W)
7TeV, 36pb~", JHEP 10 (2011) 132 (for W)

0.8f 8TeV, 18.2pb~!, PRL 112 (2014) 191802 (for W)
13TeV, 201 pb~!, CMS-PAS-SMP-20-004 (for Z and W)
13.6TeV, 5.04 fb~%, CMS-PAS-SMP-22-017 (for Z)

Inclusive production cross section [pb]

0.6
0.4
0.2 //»—-
2.76 5.02 7 8 13 13.6
V3 [Tev]

Good agreement between LHC data and N*LO QCD + NLO EW predictions
(tension for 13 TeV W-boson cross sections to be clarified, PDFs?)

Physialisches Instiut
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Further recent results from the LHC

Test of lepton universality in W decays:  (mostly from tt events)

3591 (13TeV)
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< tension in LEP results not confirmed

Limits on lepton-flavour violation in Z decays:
ATLAS results: BR(Z — er) < 5-107% (OPAL: < 9.8-1079)
BR(Z — pu7) < 6.5-107° (DELPHI :12-1075)

< LHC supersedes LEP limits

S.Dittmaier Electroweak Precision Physics — Lecture 4 GGl, Florence, Sep 2023




Differential W /Z cross sections
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Sensitivity of distributions to My versus NLO EW corrections:
(based on S.D., Kramer '01)

Al%] [%)
1.5 T T T T 2 T T T T
pp = W =yt +X pp— WH =yt +X
s =13TeV

1+ Vs = 13TeV 1 0 ’J—"‘— v

0.5 — -2+ NLO EW (bare /1)
0 4t

0.5 — 6

Ratio of LO predictions
My + 10 MeV
My — 10 MeV
. .

~15 .
60 70 80 90 100 110 60 70 80 90 100 110
My ,1[GeV] My 1[GeV]

Shape prediction at the level of few 0.1% required!
— Proper inclusion of EW corrections at NLO + beyond crucial!

< In particular, check resonance treatment!
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Exercise:  Compare two different resonance treatments!
Complex-mass scheme (CMS)

< see lecture 3!

Treatment of W productionv ia some “factorization scheme (FS)":
SD, Kramer '01

Virtual corrections:

8L el 4 M

W self-energy qg’ and W,/ vertex corrections box diagrams
FS 2 o A A A P
doyiii (8, f) = doLo X [5WW(S) + Owdu(8) + dwuyi(8) + dbox (8, t)]
——"
1
& Tem M Fityy Ty 2 Tw # 0 only in log(s — M%, + iMwTw)

Real photonic corrections:

e amplitude gauge invariant for complex W-boson mass pw and real sy

e IR divergences exactly match between do’3, and dofS,

e SRR S.Dittmaier Electroweak Precision Physics — Lecture 4 GGl, Florence, Sep 2023



Comparison of width schemes for W production at NLO EW

A[%)]
0.2
0.15 pp > W = y,put + X
01 L Vs =13TeV
0.05 + i

—0.05r 4

NLO EW
—0.1r Aps_cns ——— q
—0.15F 4
—0.2
60 70 80 90 100 110
My 1[GeV]

Consistency between the FS and CMS at the level of
Ars_cms = 2288 1 ~ 0.02%!

docms
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Survey of EW corrections to Z production

SD, Huber '09
1000 T T T T T T T o 10 T T T T T T T T T
I
ZLO Do /10
Wl R ol /10
NLO,rec .
o Ogq,weak

Saen/100

3[%]
-

do/dMy[pb/ GeV]

50 60 70 80 90 100 110 120 130 140 150 50 60 70 80 90 100 110 120 130 140 150
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» NLO QED corrections (mostly FSR) several 10%
[maximally ~ 40%(80%) for dressed leptons (bare muons)]

> Mulit-y effects still at the few-% level

» Weak NLO corrections at the few-% level
< most sensitive to width scheme

Physialisches Inst
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Survey of EW corrections to Z production
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» NLO QED corrections (mostly FSR) several 10%
[maximally ~ 40%(80%) for dressed leptons (bare muons)]

> Mulit-y effects still at the few-% level

» Weak NLO corrections at the few-% level
< most sensitive to width scheme

Physialisches Inst
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Comparison of width schemes for Z production at NLO EW
(based on S.D., Huber '09)

A%

0.2

0.15 | pp = Z/y = ptpm +X 1

0.1 b Vs =13TeV ]

0.05 - Resonance schemes:

’ (see lecture 3!)

0 CMS = complex-mass scheme
~0.051 NLO EW 1 PS = pole scheme

o1k Ars_cng  ———— i FS = factorization scheme

N (less solid, more tricky
—0.15- PS-CMS 4 due to «v/Z interference)
0.2
70 75 80 85 90 95 100 105 110
]Wn[GCV]

Consistency between the PS, FS, and CMS at the level of

dops/ps 0
Aps/ps—oms = ot — 1.5 0.1%!
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Forward—backward asymmetry Arg(My) in neutral-current Drell-Yan production

Issue:  symmetric pp initial state at the LHC, i.e. no preferred forward direction!

Solution:  exploit PDF difference between (valence) g and (sea) §

< on average, g carries more momentum than g!
< on average, CM(qg) ~ CM(Z) ~ CM(£*¢~) — g direction!

= Collins—Soper angle 0, ¢:

>

go into centre-of-mass frame lepton plane
CM(Z) of the Z boson

z axis = line of intersection of
leptonic and hadronic planes ks

+z direction inherited from ) 0 [
Z direction in LAB frame T

IS
.
:s\
o]
[N

+x direction from beams

+y direction completes
right-handed coordinate system hadron plane

0, ® = polar angles of /~ momentum ky

Physikalisches Institut__;
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FB asymmetry Arp in Z production — weak corrections and width schemes

Arp defined via Collins—Soper angles — sensitivity to sin? HL?E

03 : : : : : : : . . . . . . .
o F
Arp pp = Z/y = L0 +X AApp[10-2] pp = Z/y = 707+ X
02 V5 =8TeV 1 Vs =8TeV
input: G, Mz, My ~0.5} input: G, My, My ]
0.1 4
0 1 1t i
RADY (CMS) RADY
NLO weak
—0.1 Lo 1 sl
’ CMS
NLO weak
0.2 J PS
—92 } FS 4
03 . . . . . . . . . . . . . .
50 60 70 80 90 100 110 120 130 50 60 70 80 90 100 110 120 130
Mye[GeV] Mie[GeV]

Experimental uncertainties and precision targets:
e Z resonance at LEP:  AAR; =0.0016, AA%L; = 0.0010
< Asin?0P" = 0.00029 from AARg
» LHC precision target for predictions:  AApg(Me) < 107°
< great challenge (not yet completely reached)

Physikalische:
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FB asymmetry Apgp — differences of width schemes differentially

5 T T T T

AApg[1071] pp = Z/y = (0T +X /s =8TeV

1 ] input: G, Mz, My 1
RADY, NLO weak
S FS-CMS |
PS-CMS
2 |- -
1 -
0 (g
I "|_L| | “

-1

70 75 80 85 90 95 100 105 110
My[GeV]

— |[PS-CMS| < 10°*
FS less accurate (theoretically not as solid as PS/CMS)

— theoretical improvements beyond NLO EW very desirable!
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Measurements of the effective weak mixing angle — current status

ATLAS Preliminary

LEP-1 and SLD: Z-pole PR 0.23152 + 0.00016
LEP-1and SLD: A% | —e—i | 0.23221: 0.00029
SLD: A, B —e—i "1 0.23098 + 0.00026
Tevatron B — "] 0.23148+ 0.00033
LHCb: 7+8 TeV B — o |0.23142+0.00106
CMS: 8 TeV B — | 0.23101+ 0.00053
ATLAS: 7 TeV I . "1 0.23080 £ 0.00120
ATLAS: e, | L "1 0.23119  0.00049
ATLAS: eeg, B —e—— |023166+0.00043
ATLAS: 8 TeV B — e, | 0.23140 + 0.00036
023 0231 0232
sin®eL,

< LHC closes in on LEP precision!

Physikalisches Institut__;
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Massive di-boson production

CMS Preliminary

~— ppNNLO QCD x NLO EW g

| (MATRIX) 1
E= pp NNLO QCD x NLO EW (MATRIX)
&5 pp NLO (MCFM)

V V CMs

Opppp-mwwzzz (PD)

.
WW measurements @ ATLAS
WZ measurements v CDF
100 27 measurements « D0 4
7! = 15F i v ' i ' ' F
V A I ;o
2
805 ! ! ! ! ! :
815 i wz E
EEDI S %
]
209 + + + ' L
%‘5 2z
310
H

1
VS (Tev)

» overall good agreement between data and SM
» NNLO QCD corrections essential for proper descritpion of data
» NLO EW corrections important in differential distributions

» data constrain anomalous VVV couplings
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Complementarity in WW / WZ / ZZ production
WW production:

W
>WW/Z{
W

WZ production:

ZZ production:

jﬁiwg%
V\/'gf""'({6
7 7
>Mﬂ{: :[i
W W
Zg
:ﬁ:u
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Complementarity in WW / WZ / ZZ production
WW production:

A\
W
W

WZ production:

R
V\/'gf""'({6
7 z
>&{: ji

W W
Zg
1

ZZ production:

Sensitivity to different PDF combinations:
> qGin WW/ZZ
» ud/diin WYZ/W~Z
> vy in WW
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Complementarity in WW / WZ / ZZ production
WW production:

W
M
A%

WZ production:

R
Vng"“{g6
Z Z

e T
W W
B
Z g

ZZ production:
Z
v/Z
Z
Sensitivity to different anomalous TGCs:
» overlay of YWW /ZWW in WW

» only ZWW in WZ
> ~77/777 in ZZ
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Complementarity in WW / WZ / ZZ production
WW production:

w w ® w w
z
>%{ w
W Vng“{{6 W oy W
j::z
W

WZ production:
Z
W
W
Z7 production:
j: - ) Z
Z g o Z
Background to Higgs production
in channel H - WW ™ /ZZ" — 4f

< off-shell calculation
particularly important for WW /ZZ!
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A utp~ete” event from ATLAS

ATLAS

EXPERIMENT

Run Number: 328263, Event Number: 953423990

Date: 2017-06-28 22:02:01 CEST

Physikalisches Instiut _j N X - -
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pp — WW/ZZ — eTe”viv + X: survey of different NLO contributions

pp > ete v Kallweit et al. '17

= . oy . W
@ oot ] XS contrlbutl(?ns.
g 107 pr=pF =y H? WW + ZZ + interferences
& CT14 QEDy 059,
-
% L
Twel T Lo > Jet veto:
S == NLOQCD jet lep
b —— NLOEW HE = E pr,i > Hyp
. —— NLO QCD+EW L
i€jets

== NLO QCDxEW
— Kqcp moderate

] |
bt | .
] » EW corrections
~ —40% in TeV range

T

8 (EW Sudakov logarithms)
< Pl TR e Sy o TR
3 o8 [ » Combination of QCD and EW
ool - corrections:
F L ‘ L 7 | QCD4+EW — QCDXEW |
20 50 100 200 500 1000 2000 ~ 6QCD X 6EW
T4, [GeV] ~ 10-20% for pr.¢ 2 1TeV

Note: product better motivated!

Physkalisches Instiut__j
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EW corrections — full NLO versus pole approximation

Double-pole approximation (DPA) vs. Full off-shell qg — 4f
calculation
G w f1
d f2
v/Z
d f3
q ‘ ‘ w fa
on-shell production on-shell decays
» expansion about resonance poles P off-shell calculation with
— factorizable & non-fact. corrs. complex-mass scheme
» not many diagrams (2—2 production) » many off-shell diagrams

3
numerically fast (~10°/channel)

— validity only for V3 > 2My + O(T'y) — CPU intensive
+ NLO accuracy everywhere

Approaches compared for ete™ /pp — WW — 4f, etc.
(similarly for pp = WWW — 64, pp(WW — WW) — 4£2j, etc.)

Physkalisches Instiut__j
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DPA versus full off-shell EW correction in pp — vuute” e + X

Rapidity and invariant-mass distributions

Biedermann et al. '16

- do do b
5L pp s prte s+ X 3, [b] Fy— [aw]
VFop = 13TeV 1 1
70 ATLAS WW setup ] b= vt B+ X
Gl " treated coll. unsafe | o = 13TeV
ATLAS WW setup
60 L | 101 Ju treated coll. unsafe
55 E
50 9
45
40
35
-25 . :
-3 ]
K -35L.
5 - ]
—4}
_45 . . . . . s
-2 -1 0 1 2 100 200 300 400 500 600 700 800 900 1000
Y- M-t [GeV]

Level of agreement as expected (dominance of doubly-resonant diagrams)

— difference < 0.5% whenever cross section sizable

Physkalisches Instiut__j
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DPA versus full off-shell EW correction in pp — v, ute ¥ + X

Biedermann et al. '16

Transverse-momentum distribution of a single lepton

10
do [ b }
o LGev
1 ]
pp = vupte e + X
Y Vp = 13TeV
107! ATLAS WW setup 4 "
k 1t treated coll. unsafe ut
1072 W . Pr(ptvume)
1073 a ¢
q v/Z
1074
pr(e”)
10 e”
v
0 . .
ol Impact of singly-resonant diagrams
ol where ¢~ takes recoil from (;17v,,7%)
g
=30t (W bremsstrahlung to Drell-Yan production of eTe™)
—40 +

100 200 300 400 500 600 700 800 900 1000
Pre- [GeV]

Agreement degrades for pr 2 300 GeV, since off-shell diagrams get enhanced
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i

. 1 Cross Si Status: February 2022 JLa
Diboson results v ey I B
. » i - 5
— overview Wrsbry_ e ATLAS Preliminary “
= Imec=10] B e i
Zy-tty BB Vi=7813 TV o
=0 :
_z e o
vy %%’, iggé%‘:’h’f:’m I nwoaco “
N - R o
ww 3’}&*“‘“%;33 B33 nwoaco m
- WWosep, [njer = 0] b LHC pp V5= 13 TeV in:
— WWosest, e 2 Q Data -
BRI il O
wz LHC pp V5 =8 TeV o
Data B
—WZotvee fitem - N sat o
7z o= v"‘f’f‘ﬁ&’?‘ﬁ“} EATRAD! oo 2 w3
o= SRR LHC pp V5=7 TeV P
B TISN—— = -
220sttvy State syst l
Y7 ;3}
WV o
—WVtv) =
VH s
—H-bb £y
SHobby ) e e
00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 20 22 24
data/theory
A subtlety: photon—jet separation for W~ /Z~ production
. . zk,
< quark-to-photon fragmentation function 0l 9q
Glover, Morgan '94 P
.. . . q
or Frixione isolation Frixione '98
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Excursion: photon—jet separation via photon fragmentation function Dg_~
Glover, Morgan '94
Why?
» QCD radiation cannot be suppressed by cuts
< treat at least soft/collinear jets inclusively

» separation of collinear quarks and photons
leads to IR-unstable corrections o< In(m2/Q?)
< recombine collinear quarks and photons

» quark and gluon jets cannot be distinguished event by event
< common recombination required for quarks/gluons with photons

= (Zhard + Ysort) and (gsott + Yhara) both appear as 1 jet

EW corr. to X-+jet QCD corr. to X+~

Problem: signatures of X+jet and X+ overlap !

Physialisches I
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Excursion: photon—jet separation via photon fragmentation function Dy~
(Contmued) Glover, Morgan '94
Solution:

P> idea: declare y—jet systems as 7y or jet according to energy share

» determine photon energy fraction z, = of photon/jet system
g8l

E_jr:t, + E
— event selection:  z, > z:  photon
zy < Z0: jet (typical value zy = 0.7)

» but: cut on z, destroys inclusiveness needed for KLN theorem
— collinear singularity o< acln mq remains (but are universal!)

» absorb universal collinear singularity in “fragmentation function” Dg_.~(z,)
< subtract convolution of LO cross section with

2 2
a@ m
ip q — cancels coll.
= — s~ (z In +2lnz, +1 . L.
mass.reg. o 7 »(2) 2 v singularities

fact
+ D?L‘EPH(ZW, Hfact) < non-pert. part fitted to ALEPH data
1+(1—24)?

where Py (zy) = =

= quark-to-photon splitting function

Physikalisches Institut__;
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Excursion: photon—jet separation via Frixione isolation . . g5

Idea:  suppress jets inside collinear cone around photons:

1 — cos Rﬁ,jet>

1 cosRo (Ro = fixed cone size)

PT,jet < € PT,y (

» photon and jet collinear (Ryjet—0) — event discarded

> photon soft or collinear to beams (pr,,—0) — event discarded

> jet soft or collinear beams (pr jet—0) — event kept = IR safety

Comments:

» Frixione isolation simple to implement theoretically,
but problematic experimentally

» cleaner isolation of non-perturbative effects by fragmentation function

» approximate relation between the two methods:

PT,~ 1 1
Zy ~ : ~ = for Ryjet ~ R
v PT,~+PT,jet > 1+51_C°5R1]‘et 1+e vjet 0
1—cos Ry

< methods yield quite similar results for zy ~ ﬁ

Physialisches I
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Electroweak gauge-boson scatter

W/Z/~

W/Z/~

Physics interest:

CMS Preliminar

» strong sensitivity to EW gauge-boson self-interaction

Avg 2023
CMS EW vs.  7TevC
Theory 8 TeV CMS measurement (stat,stat+sys)

13 ToV CMS measurement (stat.stat+sys) o
qqW ol 0.84+0.08+0.18 193"
QW o 091£0.02+009  359fb"
qqZ —— g 093+0.14+032 5.0’
qqZ e 0.84£007+019  19.7 "
qqZ . 098£0.04+0.10 359"
wv . 085£0.12+0.18 138 fb"
THWW - < 1.74£000%074  1971fb"
aqWy — ©177£067+056 197 fb
aqWy ] 089+0.11+0.15  1381fb"
0s W — 112£015+0.17 138 fb"
SSWW r———e i 069+0.38+0.18  19.41b"
ss WW ot 1.20£0.11£0.08 137 fb"
qqZy —— . — 148+065+048 197 10"
qqzy - 120£012+0.13 137 fb"
qqWz L 1.46+0.31+011  137fb"
qqzz e 119£038+0.13 137 fb"

0 1 2 3 N 4
D o N7 Production Cross Section Ratio: Gy, / Gyg,

» window to EW symmetry breaking (EWSB) via off-shell Higgs exchange,
complementary to direct analyses of (on-shell) Higgs bosons

Analysis framework:

» “SM Effective Theory (SMEFT)" based on SM particle content

Ci im—
Leg = Lsm + Zﬁﬁd %

effective dim-6 operators
Buchmiiller, Wyler '85; Grzadkowski et al. '10

» Specific SM extensions (extended Higgs sectors, modified EWSB, etc.)

All channels measured by ATLAS & CMS

— compatibility with SM

= BSM effects (if accessible) subtle and small — highest precision required !

S.Dittmaier
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Classification of LO diagrams for pp — VV’ + 2jets

EW channels
Wi W
W
~/Z IMew|* o a
v/Z ~/Z
W,
VBS channels bkg diags VVV channels

QCD channels

g

[Mqep|? x aZa*

[
EAEAEEEEEREREEY

o
#

zrnrnrzrﬁrm <
g

EW-QCD interference — colour-suppressed = small x as«

5

— Task: enhance VBS contribution via dedicated VBS cuts,
but include all channels/diagrams in predictions (at least in LO)
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pp(WTWT — WTWT) — uFuetve + 2jets + X at the LHC
EW VBS Versus QCD contributions: VBSCAN (Ballestrero et al. '18)

EW VBS contribution: QCD contribution:

o (fb) per bin (m , Ay |): ot

o (o) per bin (m Ay |): a®

0.01

0.008
0.006
0.004

0.002

900 200 300 400 500 600 700 800
my (GeV)

200 300 400 500 600 700 800 ©
my (GeV)

Typical VBS cuts:  mj; > 500GeV, |Ayj;| > 2.5 — hard forward/backward jets
< Strong suppression ( < 10%) of QCD (and WWW contributions) for W= W= VBS!

Note:  much lesser suppression for other VBS channels
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JPWT scattering event at the LHC

280 ET [GeV)

p*p*jj Candidate Event

mi=2800 GeV | Ayi|=6.3

1

160 360

>ATLAS
JLEXPERIMENT

Run Number: 207490, Event Number: 33152138

Date: 2012-07-26 04:16:35 UTC

Physikalisches Instiut N X - -
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Schematic view of perturbative orders at LO and NLO

ws W ws W w g’;‘<>’li\;v
MER M ME2H + c.c. ME2H MELT
LO aﬁ) (9(asa5) (’)(a a4)
NLO a7) O(asa®) O(a2a®) O(a3a*)
mixed EW-QCD QCD

= Tower of mixed EW-QCD corrections at NLO
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Survey of NLO contributions of QCD type

QCD corrections to EW channels

£ Pty

X MER o asa

A

< QCD corrections only ~ 5% (little colour exchange between protons)

QCD corrections to QCD channels

g

0

VT T T T T T T T T

X MIQ%}) o« alat

a‘u‘rrrrrrrrrrng

;

» no relation to EW VBS subprocess, just QCD VV + 2jet production

» contribution damped by VBS cuts, but still quite large
(WEW= is exception with ~ 10%, since gg channel missing)
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NLO corrections of EW and mixed QCD-EW types
Mixed QCD-EW contributions o« a2a’

\Zﬁ_( \:ﬁ_( W
LO=x* LOx%
~/Z )W g $N/Z/W X MQCD X Mgw
W, W, W

Mixed QCD-EW contributions o asa®

mixed contributions not VBS enhanced,
partially colour-suppressed

— very small

W, w VH&LL'-< Sudakov-enhanced VBS corrections,
e N )Z)W X ,/\/l]ﬁ%* ~ —15% (larger in distributions)
ws W W < experimentally relevant!
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Comments on NLO calculations:
» genuine QCD corrections available since more than 10 years (several groups)
» NLO predictions for full NLO tower extremely challenging, but available

WEWE: Biedermann et al. '16,'17; S.D. et al. '23; WZ: Denner et al. '19;
Z7: Denner et al. '20,'21; WEWT: Denner et al. '22

» Main challenges:
> algebraic complexity (many partonic channels, ~ some 10° diagrams)
< recursive one-loop amplitude generators RECOLA / OPENLOOPS
> multi-leg tensor one-loop integrals (8-point functions)
— numerically stable evaluation with COLLIER library
or improved OPENLOOPS reduction

u

) §\A/2N< u - u
u u u

» NLO/MC techniques pushed to the extreme, but work well:

QCD/QED dipole subtraction formalism, complex-mass scheme,
multi-channel Monte Carlo integration, etc.

» new subtlety: integration over low-virtuality v* — qg splitting
— relation to Aanaq via “conversion function” pepner et al. 19

u
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Tower of NLO corrections to QCD W*W™ 4 2j channel gicgcrmann et al. ‘16,17

. .. 1 1 i — — —- LOEW
Example: M, ;, distribution (/s = 13 TeV) - B
LOINT
= LO
== NLO
1072 T
e T Tl
107 -
10
3 o’ aa® —— NLO
=
ST
-4
15 25
0Np— -30
5
-0 3
§ s I
=10 5
w19 S -
2% P i ) )
25 21— @a’ ot ——— photon o
30 3
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
M, [GeV] M, [GeV]

EW O(a’) contribution is largest NLO correction
< §,7 = —13% for integrated cross section within VBS cuts

Good description of dominant correction by leading EW high-energy logarithms:
- 2a 2 19 2
Sq1 A ——— In? (%) +——n (%) Q ~ (Myg) ~ 400 GeV
ST My 12s5,m My

(due to soft/collinear W /Z exchange)

Physialisches Inst
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Another example:

LO contributions and corrections to WZ + 2j channel
Denner et al. '19

do/dpr,,-[fb GeV~!] do/dAdy,;,[b]
. — L0 020f — LO
10 —— NLO QCD —— NLO QCD
—— NLO EW —— NLO EW

NLO QCD+EW 0158 — NLO QCD+EW

- .1
10-° 0.10
.
106 0.05
8% 0%
203 __ (%]
0 = 0
—20 ————— e ]
_10 —20
00 200 300 400 _ 500 600 700 _ 800 0.0 05 10 5 20 25 30
Py [GeV) Adyij,

» LO contributions after VBS cuts:
Ao ~ 20%, A, o5 ~ 0.5%, Aa§a4 ~ 80%

> Corrections to the EW channel (relative to o//¢):

o1 = —16%, a5 = —2%
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Imprint of the Higgs mechanism Ay

Splitting the Higgs field ¢:

#(x) = mn + H(x)
~ ——

=V Higgs field excitation
vacuum part < “generates Higgs particle

Coupling of field ¥ to ¢:

go()Y(x)* = gv P(x)* + gH(x)v(x)* + ...
~~
=m
Peter Higgs ):(V EH
... describing the “Abelian Higgs model” Y ¢ Y *

— Particle ¢ receives mass m = vg
via interaction with ¢

Physikalisches Institut__;
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Higgs production and decay at the LHC

Higgs bosons couple proportional to particle masses:

W, 7Z 7
H--- O(Mw H--- X myf
W,Z f

= Higgs production via couplings to W/Z bosons or top-quarks

Processes at hadron colliders (pp/pp):

Decay channels for Higgs bosons of moderate mass (Mu < 300 GeV):

b, T~ R
)T ¢ g MV W,er‘<
H - H--- t H---« H----
- t R W,Z49,
b,r* g <
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'y

Branching ratios
of the SM Higgs boson
LHC Higgs XS WG '10-'13

LHC HIGGS XS WG 2013

<
1

r
BRH%X _ H—-X

I—H,tot

Higgs BR + Total Uncert
=]

Many decay channels open
at My = 126 GeV

< good for couplings analysis !

—_
<
%)

4l o Ao N Ly T T,
1080 700 120 140 160 180 200

M, [GeV]
Parametric + theoretical uncertainty:
Mu[GeV] H— bb 7777 & gg vy WW 77
120 3% 6% 12% 10% 5% 5% 5% <« dominated by 6Ty _, 5
150 4% 3% 10% 8% 2% 1% 1%
200 5% 3% 10% 8% 2% < 0.1% <0.1%
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SM Higgs XS predictions

for the LHC

LHC Higgs XS WG '16

T T T T T T e
M(H)= 125 GeV

W
(N3LO aop s NoEN

[oiohed

e

LHC HIGGS XS WG 2016

107 E
1072, -
Eloa bcndb o b oo lecs e o Lo 3
6 7 8 9 10 11 12 13 _14 15
Rough numbers: s [TeV]
My = 125 GeV Uncertainties NLO/NNLO/NNNLO
\/5=14TeV | theory PDF4LHC | QCD EW
ggF 6% 3% >100% 5% ~ NNNLO QCD
VBF 1% 2% 5%* 5% ailabie
WH 1% 2% 20% 7%
ZH 4% 2% 35% 5%
ttH 9% 4% 20% 1-2%
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. on the current experimental status

» overall good agreement . cms : 138 o’ (13TeV)
between data and SM preciction EE '“;:is;*_‘siie" w..Z'
» Higgs couplings measured 5 10k ) 4
for 3rd and 2nd fermion generation El> .
< results confirm Higgs mechanism e P ’L,,,m,wmm ouas

o - - R | ﬂll
> precision further increases in next years, wsb, EII u.

analyses go more and more differential X oo caris

— towards global EFT analyses 104k

‘
S 14p T \
> great future challenge: S 12t ! et +l E
. . 2 1opd 1 e
Higgs self-couplings Z 08 o E
@ op 1 1 I
107 1 10 102

L. . Particle mass (GeV)
. on theory predictions and this lecture

» SM predictions in very good shape
(N3LO QCD + NLO EW for ggH/VBF, ..., NLO QCD + EW for ttH, ...)

» QCD issues more essential than EW  — QCD lectures
» EW corrections relevant at ~ 5% level — selected examples in the following

» coupling measurements beyond x framework — (SM)EFT lectures
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Example: EW corrections to H — gg, H — 77, pp(gg) - H+ X

Actis, Passarino, Sturm, Uccirati '08

Correction to partonic cross section: K factors for pp cross section:
(band: MH/2<HR/F<2MH7 HR/2<pr<2uRr)

pp—>H+X Vs=14Tev
MRST 2002

s
K
X
] K NNLOQCD - - -
. : : : : : : NNLO QCD + NLO EW ——
100 150 200 250 300 350 400 450 500 “100 150 200 250 300 350 400 450 500
My [GeV] My [GeV]
8 ~vvorTy t
EW corrections ... W e H etc.
» matter at the 5% accuracy level g o K

» numerical technique for massive 2-loop integrals introduced
Passarino et al. '04,'08

» show non-trivial structures near WW, ZZ, tt thresholds
< careful inclusion of unstable-particle effects (otherwise unphysical peaks)
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EW corrections to the H — ~~v decay width:

Actis, Passarino, Sturm, Uccirati '08

o

4

I

©

N

I n) R RN AR AN AN R A RARR AR

£ 1 g 2r
w0 w C 78EW,I:M
0 A Bewuon
4 s Bew, roat masses
-2 sl
3 | | | | 1 | Eo | | |
1 110 120 130 140 150 160 170 150 152 154 156 158 160 162 164 166 168 170
M, [GeV]

M, [GeV]

» EW and QCD corrections to H — ~+ equally important!
> real W/Z/t masses lead to singularities (divergences) at My = 2Myy, etc.

» minimal complex-mass scheme (MCM):
complex W/Z/t masses only in singular terms — not sufficient

= full complex-mass scheme (CM) required near thresholds

Physikalische:
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Example: Higgs production via weak vector-boson fusion (VBF)

colour exchange between quark lines suppressed
= small QCD corrections

VBF cuts and background suppression: signature = Higgs + 2jets

» 2 hard “tagging” jets demanded: Hi

Forward iggs

prj > 20GeV, |yJ| <45 tagging Decay
Jjets ¢

> tagging jets forward—backward directed:

Ayii >4, yi-yp <O0. n
< Suppression of background
» from other (non-Higgs) processes,
such as tt or WW production Zeppenfeld et al. '94-'99
» induced by Higgs production via gluon fusion,
such as 88 — ggH Del Duca et al. '06; Campbell et al. '06
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Fiducial VBF cross section @ NNLO QCD + NLO EW LHC Higgs XS WG '16

30 T T T T T

1w T T
Lo+—i Lo —

NNLO-QCD+NLO-EW —— 21 NNLO-QCD+NLO-EW i
= " ;‘ L 20 - 4
3z — i =
2 b 2
£ = —
o L St —t i
= — <4 -
< = °
5 = S —
5 — = i
° i _r_.—l—'ﬁ_h_‘

" TR
LHC 13 TeV b 5T LHC 13 TeV. 7

g = ME = My Hg = MF =My

001 } } } } 0 f t t t t t } }
(1+Bgw)
(1+8y)
LE (NLOLO)geq ]
(NNLO/NLO)ggq 53
5,

(L4Bpy)

(146,)
o7k (NLOLO)g ——
(NNLONLO)q 55
0 [ (1*Bsctme) . . . 08 | | | | | . . .
0 100 200 300 400 500 0 2 40 60 80 100 120 140 160 180
P [GeV] 05

> scale uncertainty ~ 1-2%
» (N)NLO QCD and NLO EW corrections ~ 5—20%

> and s-channel contributions ~ 1.5%
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Outlook to the future:
Higgs self-coupling A
— window to new physics ?
200
V(H) = 3MiH? + $AH® + £ AH*

2
& 150
z
£ 100
£
- 5
,(ﬁ%)“\\ 50
=
0

Degrassi et al. '12
(see also Bednyakov et al. '15)

Instability I
AL

S\{&o\\\ g I
B =]
W i
B

Stability H
-
2.
=

Q L

50 100 150 200

Higgs mass M, in GeV

SM prediction:  A(M3) oc M3 with “running” A(u) in the range v < p < A = Myp

Note: My =126 GeV ~ SM escapes problems !
> A(p) <O0: vacuum instability
> A(u) — oo:  triviality, non-perturbativity, ...

= Exp. challenge:

Alternative:

measuring A in Higgs pair production

consistency problem

constraints via loop effects in single-Higgs production? — EFTs
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Cross sections for HH production Maltoni et al. '14

T T T T T
HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5_aMC@NLO

4 3 2 1 0 1 2 3 4

Comments:

> cross sections small, additional suppression by BRs, large background
= great experimental challenge!  (most promising bbyy, bbrt7r—,...)
» Exp. prospect for high-luminosity LHC:  AX/XA ~ 50%
» Theory predictions:
» QCD: NLO under control, resummations

< beyond: massive multi-loop calculations, great challenges!
> EW: corrections exp. less important, but theoretically interesting ...

Physikalische:
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