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W & Z at the LHC
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A

Z boson mass ETP)

Phys. Rept. 427 (2006) 257.

ALEPH |—&—  91.1893+0.0031

DELPHI —6—! 91.1863+0.0028
L3 D — 91.1894+0.0030
OPAL. —&— ! 91.1853+0.0029
LEP o 91.1875:+0.0021
' ' common: 0.0017
v*/DoF = 2.2/3
91.18I ) I91I.19I | I91.2
m, [GeV]

VALUE (GeV)

91.1876 + 0.0021 PDG 2023.

91.1852 £0.0030 OPAL
91.1863 +0.0028 DLPH
91.1898 £0.0031 L3

91.1885 =0.0031 ALEP

Nothing to report from LHC ...

Precision measurement from LEP unsurpassed!
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\ W boson mass ETP)

Science 376, No. 6589 (2022) 170. Phys. Rept. 427 (2006) 257.
SM
DO | 80478 + 83 o KR0.412 + 0.042 LEP 2006
CDF | 80432 + 79 o
PDG 2023.
DELPHI 80336 + 67 o
L3 80270 + 55 ——e— 80.377 + 0.012 PDG fit pre 2022
OPAL 80415 + 52 —— 80.4335 + 0.0094 CDF 2022
ALEPH 80440 + 51 —_—
DO II 80376 + 23 ——
ATLAS 80370 + 19 — =
CDF II 80433 + 9 -
IIII|IIII|IIII|IIII|IIII|IIII|III

79900 80000 80100 80200 80300 80400 80500
W boson mass (MeV/c?)

New precise result from Tevatron ...
— discussed in exercise 3
In contradiction to rest of the world!
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PDG live

Institut far Experimentelle Teilchenphysik

2023 update of Listings and Summary Tables available

PDG;

| i
particle data grotp PDG HOME SHORTCUTS ~ CITATION CONTACT ABOUT ~
The Review of Particle Physics (2023)
R.L Workman ef al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022) and 2023 update

Gauge & Higgs Bosons (reviews) | Leptons (reviews)) | Quarks reviews
oy e Light quarks (u, d, s)
gluon 7l c
graviton T b
w Heavy Charged Lepton t
Z Neutrino Properties b
H MNumber of Neutrino Types t
Neutral Higgs Bosons, Searches for Double -Decay Free quark
Charged Higgs Bosons (H-, H-) Neutrino Mixing
Heavy Bosons Heavy Neutral Leptons
Axions

Mesons (¥eviews)| | Baryons (reviews| Other Searches reviews
Light Unflavored N Baryons Magnetic Monopole
Strange A Baryons Supersymmetric Particles
Charmed /A Baryons Technicolor
Charmed, Strange (incl. possibly non-gg states) £ Baryons Quark and Lepton Compositeness
Bottom Z Baryons Extra Dimensions
Bottom, Strange {2 Baryons WIMPs
Bottom, Charmed Charmed Baryons Other Particle Searches
cc (incl. possibly non-gqg states) Doubly-Charmed
bb (incl. possibly non-gg states) Bottom Baryons Conservation Laws reviews
Other Mesons Exotic Baryons

Discrete Space-Time Symm.
Number Conservation Laws

Il AmrmciParticla acrtiamdnada—ARno e nit—n
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R\ PDG 2023 on W mass ETP)

In April 2022 the CDF collaboration published a determination of the W mass based
on their full Run-2 dataset of 8.8 fb ™! [AALTONEN 2022 ], with much reduced
uncertainty: 80433.5 9.4 MeV. This new CDF result, which includes the data of their
previous result [AALTONEN 2012E] and thus supersedes it, is of higher precision than
our world average quoted above. However, the two determinations disagree
significantly.

The Tevatron-LHC W-boson mass combination working group, consisting of experts
from the hadron collider experiments, ATLAS, CDF, CMS, DO, and LHCDb, is examining in
detail all aspects of the measurements, paying attention to corrections and correlated
uncertainties in order to treat all results on an equal footing and properly account for
correlations in various averages. The report from the combination group is awaited.
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A Inclusive W* cross sections ETP)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

'8 — ® CMS, 18 pb™, 8 TeV W
‘—' o CMS, 36 pb™, 7 TeV W~
M 10~ = CDFRunll W
X - O DO Run |
© B A
B v UA1
- Z
=
10
— Theory: NNLO, FEWZ and MSTW08 PDFs
B ] | | | | | ] | | |
10 20
Center—of—mass energy [TeV
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A

Drell-Yan pp — I'F

Institut fir Experimentelle Teilchenphysik
.

ldea:

o Same initial-state momenta: Z at rest
o Deduce initial-state momenta from Z
speed of flight

— probes directly parton density

_1|

E(pp) + pz(pp)
V=2 (E(w)

(see Exercises No 1)

()

~ pz(w)) S

o Double-differential cross-section

d®o(pp — pp)
dmdyY

o Di-p mass m
o Di-p rapidity Y

— Compare to different PDFs

Klaus Rabbertz

Karlsruhe, 30.06.2023
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o.oo0s" 3

0.0005 N FEWZ+NNPDF2.1 NNLO
0.0004 [l FEWZ+CTI0W NNLO

00002 [0 FEWZ+ABKMO9 NNLO

eary

TTTTTTTTTTTTTTTT T TITTITITTTT
3 cusruu 4.5 fb" at B = 7 TeV, 30 < m < 45 GeV

[ —— Data
I Il FEWZ+CT10 NNLO

L I FEWZ+NNPDF2.1 NNLO

L Il FEWZ-MSTW2008 NNLO
[ Bl FEWZ-CT10W NHLO

[ Ml FEWZ:JR09 NMLO

r FEWZ - ABKMO09 NNLO
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|

Data/h
=T

Absolute dimuon rapidity, |y|

r cus._[m:-t.sm" at \/s = 7 TeV, 200 < m < 1500 GeV

—s=— Data
Il FEWZ+CT10 NNLO

Il FEWZ+MSTW2008 NNLO

Bl FEWZ+JRO9 NHLO \\.|.

I FEWZ+HERAPDF15 NNLO
g|'|||||||||||||||||||||||||||||||||||||||
5 T T T T T T T T T
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| Inclusive V cross section ratios ETP)

CMS L=18.2 pb, 1s =8 TeV
| ] I | | | | | | | | | | 1 I | | | | ] I
Wl d 7.11+ 0.03stat + 0.1 4syst + 0.1 8Ium nb
7.12 £ 0.20 nb
W Ty 5.09+0.02,  +0.11_ , +0.13, nb

5.06 +0.13 nb

Wesh 1 B 12.21+0.03_, +0.24  +0.32, nb
12,18 £0.32 nb

1.15+0.01,,, £0.02,  +0.03 nb

+ | | o— 1 ]
&=l . Tl 113+0.04nb
O+
1.39+0.01._ +0.02 w+
W sltv / Wlv e =l syst ~ 1.4
1.41+0.01 oy —
10.63+0.11. +0.25 ow
W Z I+I' stat syst —_— = 10
ek I — 10.74 + 0.04 o
| | | | | ] | | | | | | | | | | | | | | |
0.9 1.0 1.1 1.2

ratio(exp./th.)
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R\ Charge asymmetry ETP)

WT — v, needs ud

~

p = |}—

v/, g

I-/v, q

p ==

W~ = u v, needs ud
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Charge asymmetry

Institut far Experimentelle Teilchenphysik

T@

do* (pb) / dn

— investigate asymmetry: A(n) =

CMS, L=18.8fb " at {s=8 TeV

900 !

p:f > 25 GeV

—e— Data

800

— e

700

NNLO FEWZ + NNLO PDF, 68% CL
CT10

- NNPDF30 -

. MMHT2014

| [0 ABM12
600 HERAPDF15

Muon |

CMS, Eur. Phys. J. C76 (2016) 469.
Klaus Rabbertz

CMS,L=188fb " at {s=8TeV

n — 9n

_|_ _
On + On

S [600

e

a

>

0

©

450 —

400 —

p_*l'_ >25GeV

—— Data

NNLO FEWZ + NNLO PDF, 68% CL
CT10

NNPDF30

MMHT2014

AW ABM12
HERAPDF15

Karlsruhe, 30.06.2023
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A

E I ii»}
Institut far Experimentelle Teilchenphysik
'

— investigate asymmetry: A(n) =

Charge asymmetry

Charge asymmetry

Tn

CMS,L=18.8fb"at (s=8TeV

I T I I | T I I I I I I T T | I I T I | I T I
- NNLO FEWZ + NNLO PDF, 68% CL s
- CT10
0.25— NNPDF30 ===
B === MMHT2014 e il
- ALY ABM12 ﬁ% "
= HERAPDF15 e i
D2 -
; .
>25GeV _|
.15 PT
—— Data
0-'} 1 1 | | | 1 | | 1 I | | 1 1 | | | 1 | | | 1 |
0 0.5 1 15 2
Muon [n|

CMS, Eur. Phys. J. C76 (2016) 469.

Klaus Rabbertz

Karlsruhe, 30.06.2023
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— constrain u/d ratio in proton PDF!

TP Il - WZH

12



\ Constraining PDFs ETP)

Sea(anti)quarks

o™
IIIII

Gluons

Valence quarks

@ Example of generic functional form of proton structure:
vf(x) = AzP (1 — ) (1 + Dz + Ez?)

7/ / !

Normalisation Behaviour for Behaviour for Middle region
x—0 X —1 largest variability

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 13



A Constraints on u and d valence ETP)

CIZ'UU(CC,QZ) CI;‘-CZU(CIZ‘,QQ)

CMS NNLO HERAPDF method 06 CMS NNLO HERAPDF method
— ca . 2_ 2
Re] HERA I+ DIS Q*=m? f-'{ : HERA I+Il DIS Q*=m
X 0.8 [ [I HERA 141 DIS + CMS W 8 TeV X [ [ HERA I DIS + CMS W 8 TeV
=

= T o4t

° 0.6 i

< X I

0.2

u valence

— HERA+CMS / HERA

— HERA+CMS /| HERA

Fract. uncert.
Fract. uncert.

0.9 0.9
0.8 '
08 .= 1073 1072 A 10~ 10" 10~ 10"
X X
CMS, Eur. Phys. J. C76 (2016) 469. — reduced uncertainty

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 14



A Constraints on u and d valence ETP)

CIZ'UU(CC,QZ) CIZ'CZU(CIZ',QQ)

CMS NNLO HERAPDF method o6 CMSNNLO HERAPDF method

— ca . 2_ 2
Re] HERA I+1l DIS Q*=m} C{ : HERA I+1l DIS Q’=m}

X 08 [ [ HERA I+l DIS + CMS W 8 TeV X [ [ HERAI+IIDIS + CMS W 8 TeV

=

= T o4t

. 0.6 I _

< X I

0.2

u valence

Fract. uncert.

-1
10

| IIIIIII| | IIIIIII| | IIIIIII| | L1 1 111
0 3 3 2 -1
10 10 10 10 o
Uy (% Q°)
CMS, Eur. Phys. J. C76 (2016) 469. dv (CC , Q 2)
Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 15
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W & Z (+X) at the LHC

ETP)

Institut fur Experimentelle Teilchenphysik

Klaus Rabbertz

Karlsruhe, 30.06.2023
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‘!
| e |
D A-Q total (2x)
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Q_ ]-0 COAQ inelastic
[ —
b o . |
106 IKI Standard el Production Cross Section Measurements Status: November 2019
o E A0 total (2x) w
0 0 10" Foag me ATLAS Preliminary
. Rl Theory
5 dijets b . o Run 1,2 s =5,7,8,13 TeV
10 0 10 |2 ]
‘ \ WS n:hja'_s Av E
o] 3
: for 25 G LHC pp Vs =7 TeV 3
3 Bl Do 45-49ib! e
_ LHC pp Vs =8 TeV _
~h Bl Data 2022031 ;
= o r-chan ‘_JDH'I Vi .m\q, _:
w o0l o, LHC pp Vs =13 TeV
104 0 &20 [ “nﬁiﬂa 0.0 BEl Daia 32-798fb _
Setv ; g o AE .
: han ”nIDbA o :
u e @40, i
E tZ] £y [m] E
3 . 1 E o A Wi E
10 220 D &20 -_ IHEB;WA T i A Ap ]
o V- total E O g~ 3
1 GeV nj=2 A o [ H-yy Uzj ]
P i
102 e Dnj > 1 F = N~ O E:wé
E O N a R A
103k -g s
F D"
i B
PP Jets 7V w z tt t VV ¥y H WV VyWHEZ ttH tty 7YY Vij ww Wyy  Zyjj
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A\ W & Z at the LHC ETP)

High-precision lepton measurements:

< W, Z, top measurements provide high-precision cross sections

= Also learn about electroweak parameters, the strong coupling and the
proton structure

.| CMS Experiment at LHC, CERN
5| Data recorded: Sat Oct 6 11:30:49 2012 CEST
5| Run/Event: 204564 / 448966153

T > %| Lumi section: 408
I

X 3
~/< \
W =
)\
Jet 1,
et = 406.76
eta =-0.390
phi =2.401
& X | Muon 1,
S \ pt = 266.13
eta =-0.080
phi =-0.590

Muon 0,
pt = 147.81
eta=-0.124

phi = -1.051

Proton Structure
(PDF)

Proton Structure
(PDF)

Matrix Element Muons
Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 17



R\ Inclusive W,Z production

Institut far Experimentelle Teilchenphysik
'

Result from combined fit for set of
inclusive W and Z cross section measurements,
e and p decay final states only.

01,0 X CV(S)

Results using NNLO pQCD

o5 (Mz) = 0.1186 T g3

38 pb” (7 TeV) + 18.2 pb™' (8 TeV "
CMS Pb ) Pb ) BUT at LO not sensitive to a_!
e CT14 | ':,.J!,t ‘ 7TeVW;
“= HERAPDF2.0 | TR 7TeVW. _, Work with Z+jet events!
& MMHT14 i T 7Teve,
~+ NNPDF3.0 T 7TeVW,
L | === 7TeVW,
- : : : : T3 = ‘ 7TeVZ,
- . e 8 TeV W}
L - |= | : 8 TeV W CMS only
— ; 7 ’;— | eVWe  MMHT14 PDF set
- | == 8 TeV Z,
— e 8 TeV W;
: I e 8TeV W,
- o _:*% 8 TeV ZH
L1 | L 111 | L1 11 | .| | .| | | | L1 1 | 111 | L 111 | L1 11
0.085 0.06 0.085 0.1 0105 0.11 0115 0.12 0.125 0.15 0135 0.14
0LNNLO(m )
CMS, JHEPO06 (2019) 018. S 7

Klaus Rabbertz Karlsruhe, 30.06.2023
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| ] gy,
W + jet 5)
A + jets ETP)

% Precision test of QCD
<+ |Important background to searches for new phenomena in Higgs, top, SUSY

Leading-order process in QCD:

q/ o Wu q/ < W'u
5
T
= q > Ju Jdu > q

/ )

= 1 ) W Naive expectation:
ﬁ Iu One order more in as for each
| 4 , additional partonl/jet

g (Berends-Giele scaling; similar Z+jets)
7]

oc(Wy,+ (n+1)jets) o(W,+ 2 jets)
o(W,+njets)  o(W,+1jet)

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 19




- —
"4 t >)
A + jets ETP)

% Precision test of QCD
<+ |Important background to searches for new phenomena in Higgs, top, SUSY
Leading-order process in QCD:

q . W, q < W,
o
T
= q > [m Jdu » q
Fixed-order predictions:
q : W, % LO known up to 2 — 10 partons
o 9u + # of NLO diagrams per final state
N jet
% q > Njets NLO Diagramme
I 1 11
2 110
3 1253
4 16 648
H 256 265

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 20



W + jets

| ; Institut far Experimentelle Teilchenphysik
Inclusive # of jets — sensitive to a; A®(jet,y) — check parton shower
/s ; i;; , ) -/796-% Data
g 221" (13 TeV) ; b _ = §-2 fb (13 TeV) —$—— MG_aMC FxFx + PY8 (< 2j NLO + PS)
=2 - —4&— MG_aMC FxFx + PY8 (<2 NLO + PS) = i MG MG+ PYB (< 4] LO + F6)
2 104 = —#— MG_aMC + PY8 (< 4j LO + PS) = =4 N, NNLO
Zz F £ 10°
o = L2 B
B + B
- 107 [gumpoF
10 ettty - CMS
= - anti-k; (R =10.4) Jets
- e - P >30GeV, |y <24
1 CMS T W(uv) + = 1-jet
= w MR R R RS TSN T RN RS TR N
- anti-k; (R=0.4) Jets E’% 15E
1071 P >30GeV, Y| <24 FE
= W(uv) + jets LB
[ | = =
@ = | L
g 156 e 0.5 — [_] Syst. + stat. unc. (gen)
= = . .
LbIE L PN VA 2 1 -5 :_
t 1 P S i 5 —
- [&] -
%I - —0— % 1 7
@ 0.5 [ syst. + stat. unc. (gen) o =
= - . . = 05 — [T Stat. unc. (gen)
E 1.5 :— | ] . f_
g 1 - i Z 2 i L / / //// y 5 -
s O F LALLLFFFOTFA L7/ 7770777, S 1
O C < E
=05 "] Stat. unc. (gen) “ 0.5 T[] Syst. + stat. unc. (gen)
>1 =2 =3 =4 =5 =6 0 05 1 1.5 > 25 3
N CMS, Phys. Rev. D 96 (2017) 072005. Ad(u))
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ﬂ J Institut far Experimentelle Teilchenphysik
. :

I Transverse momentum of di-muon

Z-pp * Pr
2.5 C ) |2 % Scale of hard interaction
20 LT - % ' Boost of center-of-mass system
U eadingjet T YTIVrYR
15|, v v )y + Parton momentum fractions
10 :4 )\ A : b I Rapidity separation
j}/ ﬁ" { |V Y= |yZ-yit|
0.5, v o y i > - % Scattering angle in cms system
BIESIES IR
0.0

00 05 1.0 15 20 25 Yb

M. Schnepf 2022 [4]

Sensitive to gluon PDF of proton

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 22



XSk /XS0

\ large “K factor” L
0.6} E —7 uj 06t —
0.4l a4q | | g]d 0_4;‘_‘_,__,_.—"__/'—_/'_'_’7 a4 1]
0.2 F 0.2}
—|_|_'—' — ]
CT14nlo CTl4nlo
T,z € T,z/Ge
o LO/NLO i
Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH

q /
\\ Z

LO ¢y /

low y, - high »~

LO ¢«

P

\i

%%W

high y, - Iow y”

23



Z+ 1jet+ X

XS 10/ XS o

9999’\\/

L;q\q | Z l LO\q\w”<
%%

high y, - |0W y”*

Lo,

A 1

. low y; - high y*
1.0 1.0
0.8 .—‘__‘QH- | 08
0.6 U? 0.6

>

T

3

0.4 vy 04

»
0.2 0.2
0.0 0.0

CTl4nlo

0 gq
I gq
aq

- @
0 aq

CTl4nlo

102

prafoo NLO/NLO

162
pr,z(GeV]




AN Z(W) + 2jets + X ETP)

Examples of order as? corrections to Drell-Yan pp — I'I-

d d U
d\ U
7 ut 7 pt

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 25



\ Z(W) + 2jets + X

Institut far Experimentelle Teilchenphysik
'

Electroweak production of Z + 2jets

Vector Boson Fusion bremsstrahlung-like multiperipheral
(VBF)

Characteristic: Two high-pT tagging jets with large Ay
Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH
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A Z/W + 2jets EWK

Requires advanced techniques (Boosted Decision Trees) to find small signal

Allows search for anomalous triple gauge couplings
P 35.9 fb™' (13 TeV)
CMS 35.9 fb (13 TeV) I | L I L L | I | .| I LI | | :
- Dielectron _
10 o Do —::;I:u::: Itijet E
- B EW W+jets uit —+- Data 3
@ 10° BWiets o zvjets Ry ]
= 108 Bt [ Interference I Top quark E
- Z+ets 7
W 4g¢ mevz o
—EW Zjj =
10° [MC stat. une. |
10
10 —
1
107 3
— =
1 0.2F &\\Q total uncertainty (syst. + stat.) _ T
501 - 3
E e \\ I 05ET T 11 [ T T T T [T T T T[T T T T [ T[T ]
aQ B SRS g ~r u M stIe upfdow S
;_0'1 i = () b et e, aa SEENRE G e '_' e '%\'_\i‘\:j’_\
= S N N
45-0.2 e e b b Ly "g -0.5F |J%S|up|l|r‘:| Wll.I oo e v v e b v by |_1 H: AEQ .
2 0 0.5 1 1.5 2 2.5 0 o0 0.5 1 15 2 2.5 3
BDT' BDT'
CMS, Eur. Phys. J. C78 (2020) 589. CMS, Eur. Phys. J. C80 (2018) 43.
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A Signal compatibel with SM?

Institut far Exy

perimentelle Teilchenphysik

Events / 60 GeV

Signal strength:
ee & yu combined

Data/MC -1

359" (13 TeV)

IIJI|II|.IIIIIIIII!!IIIIIIIIlIIIIlIItIIIII

CMS Dielectron

—4— Data
KW
B Top quark
Z +jets
B Ew zj
— EW Zjj
wen Gl A% = 6 TEV?
------- ¢, /A% =20 Tev?
MC stat. unc.

1:IIT1|TIFI L L R LI L L B | LU
0.5F g h scale u,:u.fdown .

0F e

-0.5 5" JES up/down - E
:||J|||||:|I|I||||||i|i|||I|||||||||i||tl|||||

0 100 200 300 400 500 600 700 800 900

Klaus Rabbertz

Events / 60 GeV

Data/MC -1

w = 0.98 & 0.04 (stat) £ 0.10 (syst)
= 0.98 & 0.11 (total),

Compatibel with unity,
i.e. the SM — set limits

35.9fb" (13 TeV)

1 | I I |

*LFL% MC stat. unc.

Dimuon

—4— Data
v
I Top quark
Z +jets
B ew zj
— EW Zjj
renn Gl A2 = 6 TeV?
-------- ¢, /A% = 20 TeV?

1 IIIIIIl|. 1 IlII.IIIt LLpLnm

L LLLE

| | II]IIlI

10
1
1:‘_‘| T 1 L L LT L. R L
0.5F MH.. u_ scale up/down N 3
of i o T S ‘?ﬂ‘&‘“mm%hm
E B -1tt‘m‘“m§§ s
-0.5 B JES up/down NN 1
qEL 1 coaog g e 1 gy ol 4 iy Tty "
0 200 400 600 800 1000 1200
p_ (GeV)

Karlsruhe, 30.06.2023

CMS, Eur. Phys.
TP Il - WZH

J. C80 (2018) 43.
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| Production of two V bosons ETP)

LO diagrams for production of two vector bosons

Q/ | m Vu q, | I : Vlu | Vu
q g V/ q > V/ q V/

Vi Vi =Wy, Z, QGC TGC

Important test of standard model

Triple gauge coupling not observable separately

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 29



A\ Which couplings are allowed? ETP)

YWW  ZZ~ WWZ~  ZZ~y
ZWW  Z~y WW~ry WWWW
AN WWZZ

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 30



A\ Which couplings are allowed? ETP)

YWW 24~ WWZy ZZny
ZWW 24y WWyy WWWW
727 WWZZ

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 31



A

Production of two V bosons

Institut fur Experimentelle Teilchenphysik
,

May 2021
'| 1

CMS Preliminary
; : f I

CMS measurements

vs. NNLO (NLO) theory

YY

Wy, (NLO th.)
Wy, (NLO th.)
Z7y, (NLO th.)
Z7y, (NLO th.)
WW+WZ
WW

WW

WW

WZ

WZ

WZ

Z7

7

7

|

7 TeV CMS measurement (stat,stat+sys)
8 TeV CMS measurement (stat,stat+sys)
13 TeV CMS measurement (stat,stat+sys)

1.06 £0.01+0.12
1.16£0.03+0.13
1.01 £0.00 £ 0.05
0.98 +£0.01 £0.05
0.98 +0.01 £0.05
1.01+£0.13+0.14
1.07£0.04 + 0.09
1.00£0.02 £ 0.08
1.00£0.01 £0.06
1.05+£0.07 £ 0.06
1.02+0.04 £0.07
1.00£0.02 = 0.03
0.97+0.13£0.07
0.97 £0.06 £0.08
1.04 £ 0.02 £ 0.04
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=
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137 fb”’
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35.9 fb™
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19.6 fb™
137 fb’
4.9 b’
19.6 fb™

137 fb™

|

0.5
All results at:
http://cern.ch/go/pN;j7
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Production Cross Section Ratio: o,/ o,

2
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\ Triple boson production ETP)

o Mediated by 4-point V boson
interaction vertex (“quartic vertec”)

o |In the Standard Model

o WWWW
o WWZZ
o WWZ~
o WW-r~

(4 neutral bosons forbidden)

o Problem: cross-section extremely small
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L.

“Stairway to heaven” plot  ETP)

March 2019 CMS Preliminary

O m 7 TeV CMS measurement (L < 5.0 fb)
a®: oo @ 8 TeV CMS measurement (L < 19.6 fb')
R A m 13 TeV CMS measurement (L < 137 fb™)
sjeits) 0 0 b b Theory prediction

S L L Z CMS 95%CL limits at 7, 8 and 13 TeV

, G [pb]

Production Cross Section
o
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—h
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48] \"]

R
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<
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1, triboson

10-4E *

I e rppy g T T=r TEW TEW 17— EW EW EW EW TEW T 1 T T T.oT T 1T T T T T “NEratodon o Ty T ]
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All results at: http://cern.ch/go/pNj7
CMS TWiki
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\ Vector boson scattering ETP)

o Study quartic vertex in V boson scattering (VBS)

o Cross-section for longitudinally polarised states diverges at high
energies: in SM cancelled by negative interference with Higgs

diagrams
+ W

W W W W W
W~ W— W— W— W— W~
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\ Vector boson scattering ETP)

v/Z N
/7S
o 2W 4 2jets processes common e i
o Jets typically forward .
o Event selection: 2 jets with W Wi
o high dijet mass ' _ o
o large rapidity difference n/< W/\
Q0000000 ‘ e 9 4 5
o Study W=W=
o No gluon-induced initial states I ”'“ ] \mm<
o Largely reduced backgrounds \‘<

| f W
W /ﬁ
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\ Observation of VBS ETP)

CMS 35.9 fb' (13 TeV)
re -« Data ]
: . . ~ I EWWW | o
o First observation in 2017 0 0r mwz 12
o EWK contribution detected S | oM 3
at 5 o significance o 100 2\ BKg. unc. 18
o(pp — WEWF) = NN g
3.83+ 0.66 (stat) £ 0.35 (syst) fo ~ [H— e
(SM prediction: 4.25 4 0.2 fb) 50 | NN 18
_\\\\\x\\?\\\\\\x@m\qf\\\\\\\\f S
o New evidence also in ZZ channel oL e —
[Phys. Lett. B774 (2017) 682) 500 1000 1500 2000
m; (GeV)
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A

Finish of W & Z

Institut fur Experimentelle Teilchenphysik

With this rare process | close my discussion of W & Z;

the remaining lectures are on Higgs.

A few slides with reminders on literature search ...
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| Publications in Particle Physics ETP)

Where to find publications in particle physics?

For example the Higgs discovery with CMS:

Chatrchyan, S. & others, “Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC”, Phys. Lett. B 2012, 716, 30.
@ If you’re lucky there is also a Digital Object Identifier (DOI):
10.1016/j.physletbh.2012.08.021 — type into mask at https://dx.doi.org/ — journal publication
% Access might be restricted

% But not for LHC publications thanks to SCOAP? Open Access initiative A

@ Frequently there are also pre-print versions of peer-reviewed articles:
arXiv:1207.7235 — type into mask at https://arxiv.org/ — version before peer-review

o

+ Free access, by P. Ginsparg, 1991:
@ THE search engine for HEP:

https://linspirehep.net/

iINSPIRE ewer

Klaus Rabbertz Karlsruhe, 30.06.2023 TP Il - WZH 39


https://dx.doi.org/
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Institut far Experimentelle Teilchenphysik

A arXiv preprint (e-print) server ETP

We g

the Simo

Cornell University

All field Searc
arXiv.org > hep-ex > arXiv:1207.7235 — search
Help | Advanced Search

High Energy Physics - Experiment

Download:
[Subrmitted on 31 Jul 2012 {v1), last revised 28 Jan 2013 (this version, v2)] ® PDF
Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC e Other formats

[Bcense)

The CMS Collaboration

Current browse context:

Results are presented from searches for the standard model Higgs boson in proton-proton collisions at sqrt(s) = 7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, hep-ex
using data samples corresponding to integrated luminosities of up to 5.1 inverse femtobarns at 7 TeV and 5.3 inverse femtobarns at 8 TeV. The search is performed in five decay ¢prev | next>
modes: gamma gamma, ZZ, WW, tau tau. and b b-bar. An excess of events is observed above the expected background, with a local significance of 5.0 standard deviations, at a new | recent | 1207

mass near 125 GeV, signalling the production of a new particle. The expected significance for a standard model Higas boson of that mass is 5.8 standard deviations. The excess Is

most significant in the two decay modes with the best mass resolution, gamma gamma and ZZ; a fit to these signals gives a mass of 125.3 +/- 0.4 (stat.) +/- 0.5 (syst.) GeV. The References & Citations

decay to two photons indicates that the new particle is a boson with spin different from one. * INSPIRE HEP
(refers to | cited by)
Comments: Submitted to Phys. Lett. B * NASA ADS
Subjects: High Energy Physics - Experiment (hep-ex) * Google Scholar
Journal reference: Phys. Lett. B 716 (2012) 30 * Semantic Scholar
Dol 10.1016/.physletb.2012.08.021 8 blog IINKS e = w7
Report number:; CMS-HIG-12-028; CERN-PH-EP-2012-220
Cite as: ar¥lv:1207.7235 [hep-ex] Export citation
{or arXiv:1207.7235v2 [hep-ex] for this versian)
Bookmark

Bibliographic data YRS ER

[Enable Bibex (What is Bibex?)]

. . Commercial No
Submission history £ si _
From: Cms Collabaration [view email] Type of site Science Launched August 14, 1991; 28
[v1] Tue, 31 Jul 2012 13:27:18 UTC (2.076 KB) Available in Eng||5h years ago
[v2] Mon, 28 Jan 2013 10:46:38 UTC (1,508 KB)
Owner Cornell University Current status Online
Which authors of this paper are endorsers? | Disable MathJax (What is MathJax?) Created h}' Paul Ginsparg ISSN 2331-8422 &
URL arxiv.org g OCLC number 228652809
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iNSPIRE search engine

Institut far Experimentelle Teilchenphysik

J

INSPI RE:- HEP literature find cn CMS and t observation and t boson bnd date 2012 and tcp [BER Submit Login

Literature Authors Jobs Conferences Institutions

1result | [= citeall Most Recent
Date of paper

Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment
at the LHC

CMS Collaboration * Serguei Chatrchyan (Yerevan Phys. Inst.) et al. (Jul 31,2012)

Published in: Phys.Lett.B 716 (2012) 30-61 + e-Print: 1207.7235 [hep-ex]

2012 pdf @ links @ pol  [= cite 2 10,644 citations

Exclude RPP

Exclude Review of Particle

Physics
1

() Feedback

Document Type

article 1

published &) 1
Author

Dmitry Q. Litvintsev 1

Leandar Litov 1
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Literature

Institut fur Experimentelle Teilchenphysik

en Newly available as free online or PDF version:

earch Jain

wrs https://library.oapen.org/handle/20.500.12657/59105

For Librarians For Publishers

For Researchers
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The Black Book of Quantum Chromodynamics

a Primer for the LHC Era

T Download T PDF Viewer

& Web Shop

Author(s)
Campbell, John

Huston, Joey

Krauss, Frank

Klaus Rabbertz

The LHC (Large Hadron Collider) will serve as the energy frontier for high-energy physics
for the next 20 years. The highlight of the LHC running so far has been the discovery of the
Higgs boson, but the LHC programme has also consisted of the measurement of a myriad
of other Standard Model processes, as well as searches for Beyond-the-Standard-Model
physics, and the discrimination between possible new physics signatures and their
Standard Model backgrounds. Essentially all of the physics processes at the LHC depend
on quantum chromodynamics, or QCD, in the production, or in the decay stages, or in both.
This book has been written as an advanced primer for physics at the LHC, providing a
pedagogical guide for the calculation of QCD and Standard Model predictions, using state-
of-the-art theoretical frameworks. The predictions are compared to both the legacy data
from the Tevatron, as well as the data obtained thus far from the LHC, with intuitive
connections between data and theory supplied where possible. The book is written at a
level suitable for advanced graduate students, and thus could be used in a graduate
course, but is also intended for every physicist interested in physics at the LHC.
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