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ATLAS & CMS: Summary of SM and fiducial production cross-section measurements in pp interactions at
\Vs=5, 7, 8, 13 TeV, corrected for branching fractions, compared to the corresponding theoretical expectations 2
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:15.0m
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Total Cross-sections
1. pp—X
Diboson cross sections
L pp—oyy+X
2. pp—4l+X
WW-boson cross sections
1. pp— (yy > WW)+X
2. pp—> WW+2>1jet +X
Measurements of the rarest processes
1. pp—Z(w)y+2jets+ X
2. pp— Z(I)y + 2 jets + X
3. ppoWWW+X
EW Z-boson cross sections
1. pp — Z +jet(high-p;) + X
2. pp— Z+large R-jet + X

The b-quark fragmentation properties

(in the report of Prof. L.Gladilin)

1. pp — jet(B*—Jwy KE— 4 u K¥)+X

Forward Proton Scattering
L. po—p (yy—te) 9

Soft QCD: Bose-Einstein correlations

1. pp — h*h*+ X
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Standard Model Production Cross Section Measurements
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ATLAS: Summary of SM and fiducial production cross-section measurements in pp
interactions at Vs =5, 13 TeV, corrected for branching fractions, compared to the
corresponding theoretical expectations and ratio with respect to theory. 5
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» ATLAS measurements of elastic scattering can be linked to other processes occurring on hadronic pp-interactions

» Calculation the total pp cross section 6, & the p-ratio
» The p-ratio determines the complex phase between the Coulomb and the nuclear amplitudes

where f,(t) is the elastic-scattering amplitude, t

4 o6, (TOTEM) > o, (ALFA on58mb 2.26
- 25t°t( ) > Stor ( _ ) (2.20) p= Rel fo(1)] stands for the four-momentum transfer in the reaction
9 "L :' : = ——
E F u oA o | LHG o0m ] Im[fa(r)]],, Y p 0. 0978 :I:O 0085 (exp) £0.0064 (th)
5 = TOTEM 05 ,. ] - Ion
O 2001+ Lowreresy pp wl A 1> The most precise measurement ofo sl | oz e aTLAS

- — COMPETE HPR1R? sp# " 1 the total cross section 120 S b

_ —FMO 8000 10000 12000 ) 0'235_ h T 0w

150__EﬁBRM O.tot(pp_)X) — | D The Conflrms the trend Of GtOt 0 1:_ 800 10000 12000 U‘D:_:_,' AT L LA A ‘.._";'I:"""";;_-
hecso 104.68 +1.08 (exp) 9 increase with Vs T |

n ATLAS

B 40.12(theor) mb _

100L QO The p-ratio is in disagreement with o- . TOTEM
i pre-LHC theoretical expectations [ et i
503_ O o, and p together with other _0'1;_ ¥ o BN
h measurements of these parameters _go- s
[ ATL.A'.SH.M | compared to model predictionsin  f s ‘
R i i o dependence of \'s T

(s [GeV] 31GeV]

» o, and p incompatible with Community-Standard Semi-Empirical Fits (COMPETE)
indicating Odderon exchange or a slowdown of &, rise at high Vs. 6
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Sror PP ELASTIC-SCATTERING AT 13 TEY #2 gur Phys J.C 79 (2019) 785 =

» Total inelastic cross section gy IS |rt1>“

CMS

03

3 C == Pythia § i
E 005 o ATLAS(MBTS)  “ ciic . e | P
= T u ATUSALF - oo 7 agreement with previous ATLAS =5 pgt |
= 90E « TOTEM -+ R <4 measurements using MBTS detector® |
805 s ALICE 10 The ratio 6, /0, ameasure of the 020
! LHCh ]  opaqgueness of the proton, continues to 0243_ e
7oe) o Aueer e 3 grow slowly with energy, and its ot
3 I (ror-LHC) ! evolution is well described by the Khoze-  pf
o0F P 34 Martin-Ryskin (KMR) model. (Thisisa =~ [
503_ E two-channel eikonal model with few 02k
- 1 parameters and it uses all available high- g ATLAS
WF ﬁmo  LHCzoom energy data for pand gy, as well as the  (18F e
- " corresponding differential elastic cross g . Lowe,ene,gy pp
0E pal _ : B 9 pp
- w ’ sections, and also all available 0161 — COMPETE HPRTR2el. et
g measurements of low-mass diffraction.) i s
20: ATLAS T B0 S0 0% 700 T 3000 014_ el rel.=127-1.75 i)+ 0.137 Inz(s) - BIAS
:I I\IIIII| L \IIHIl | \III\IIl | III\IHl ] III\ D The measurement remalns far from ] 1| ‘||||| | |1 |||||| ] L | ||||||
10 10 10° Tk probing the black-disc limit, i.e. a 10? 10° 10*
totally opaque proton LGeV
“+ Comparison of inelastic oy \E[GGV] < Measurements of the ratio a,/a, at different Vs

measurements with other published
measurements and model predictions

as a function of the Vs
29.11.2022 ICPPA2022

> Ratio of elastic to total cross section
o./o., IN tension with the values

from TOTEM and lower energies
Yuri Kulchitsky, JINR

compared to model predictions and for
illustrative purposes the COMPETE prediction
of o, divided by a conventional

parameterization of the elastic cross section
7
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Inclusive Photon Fiducial Cross Section Measurements {fidt]
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Datz - :
g EEL; [a. Pre——p— Selection Detector level Particle level
B pp. ‘C: ;iw R Photon kinematics | pr.,,, > 40(30) GeV, [ny| < 2.37 excluding 1.37 < [p,| < 1.52
ek o .
mm i Photon identification | tight stable,. not from hadron decay
stat @ sys Photon isolation Eﬁ’o'z <0.05- pry EITSS:OIZ <0.09-pr,
Mz PROSSENT) 20 Diphoton topology Ny 22, ARy, >04
e wenmen ) Ouarview of the event Process Event fraction [%oc]
selection at the detector Yy signal 004 % 3.0
N L E ) Yi 20.0 =+ 1.3
o level and at the particle level 10.1 + 1.1
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) Electron 2.6 + 0.1
Yurf Kulc 2
da‘ta/theory lgrarusr-&egrugr}f 25'5 vy pile-up 0.6 + 0.4 8
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JHEP 01

lal cross sectlons

jet
:("éi (Stat) +2.4 (SySt) pb

Diphoton production fiducial & differ

Low-Invariant mass diphoton event
AR, >0.4

The measured integrated )} m L /

Cross section compatlbl-e__
with the NNLO

predictions and multileg- /

merged calculations )/

Fiducial cross section [pb] 0y, = unc.

ATLAS ~data

(5=13TeV, 13911 vt
Pstat

Sherpa MEPS@NLO

measured cross
section with the
theoretical predictions
_Fiducial cross section [pbl oy =+ unc. shows the Importance
Mot NNLO  aen 1S of higher-order QCD ISR
NLO 196+l contributions even for Diphox NLO
LO 53 | such an inclusive yy

Dirnox NLO 20.8 576 o 0 10 20 30 40
Data 31.4 2 .4 EEs AT measurement Integrated fiducial cross section [pb]

,/ A Comparison OT-NE
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7 TeV: Eur.Phys.J.C 74 (2014) 3129; €MS
R e 210710033 e o CROSS SECTION OF PP— yy +X AT 18 TEV #3 7 TeV: EurPhys.J.C 74 (2014)

JHEP 01 (2012) 133

L E ATLAS w5 — 13 TeV, 139 o1 | N 1 » Higher-order perturbative QCD
R S—— DIPHOX 4  corrections are crucial for pp — yy + X
%; » _ Ng;g;ﬁ: _ Q In the Leading Order (LQ) the Yy momenta balar_lce
S0 - = each other perfectly, resulting in a py,,, of zero. This
© o2 - Ag reement: E ob\fiously doesn’t match the measured d Istribution,
06 measured dlfferent wr:lch sdh?fws thaft most of the photon pairs have pr,,
10-3 L oal & the most accurat 1] valuesd erent from 0
.- : 3 U In the Diphox NLO and the Nnlojet NNLO physicists
104 L obvii b LT T i include the production of the extra quarks and
16 E H i 3 gluons in the prediction. This results in yy with py,,.,
L 1:‘21 3 3 different from zero
Qg 0_; : » The Nnlojet NNLO prediction (blue line) gives a
2 06 - good description of the measured values at high-py
= 0 A Epr,im > 40 (30) GeV E . . . o
S EN@ T N . | | + » The Sherpa (red line) combine calculations with

4 10 50 100 299 additional techniques, which involve the

: : : : Ty [GeV] _ _ .
aDSI:Lerngitc;ﬁls (;r;)s;*se;tlog; mei‘zs“re)dcisnfgggzjoc\zt%ftﬁgw (als simulations of arbitrarily many quark and gluon
7Sy Ty

predictions from Diphox NLO, Nnlojet NNLO and Sherpa emlssmns,_espeClaIIy relevant at IOV\.I ene_)rgles
MEPS@NLO. At the bottom, the ratio of the prediction to the > Sherpa prOVlde the bESt deSC”pthn Of

data is shown. Uncertainty bars on the data represent the total the entire measured distribution
uncertalntyi while uncertalnty bands on the predictions ’

uri Kulchitskyg -
represent pertzlj)% ative scale (statistical) uncertainties. e ylﬁHUdlﬂg the IOW_pT,W 0
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{4 055850 1. CROSS SECTION OF PP—4 LEPTONS+X AT 18 TEV #1 5ol
! it » Measurements of 4l differential & integrated fiducial

Cross- sectlpns In events with 2(e*e’) or 2(n*w’) pairs

O The 4l final state has contributions from interesting
SM processes: 1. Single Z boson production, 2. Higgs
boson production, 3. On-shell ZZ production.
N O Sensitive to New Physics / BSM contributions:

1. Modifications to the couplings of the Higgs or gauge
boson, 2. Possible 4-fermion interactions, 3. Models

r
Contributions to the pp—4¢ ({=e, u) process
(a) t-channel qg—2Z")/y()—4¢ production,

(b) gluon-induced gg—2Z")/y"—4¢ productlon The superscript (*) with leptonic decays of Z bosons or 4. new partlcles._

via a quark loop, refers to a particle that (‘\e“’& Resion
(c) internal conversion in Z boson decays can be either on-shell %@6 —_— :

qg—ZO)y)—20+ZO) [y —2¢, or off-shell, whereas a8 Full -4 H-40 OffshellZZ Onshell ZZ
(d) :ﬁz(bgfzn(g??ﬁzef s-channel production al'vcg;‘;a;ﬁ;uiﬁl“ s Measgrcd 89 | 2l 476 4 493
» Fiducial cross-sections in fb in the full fiducial phase e 1) (T ) AD0a) o) A8

space and in the following regions of m,,: crossssection | £23(syst. ) [£LI(syst) 008 (syst. ) £00(syst) 08 (syst
1. Z—4 (60<m,<100 GeV) o 1] £15 (lumi,) £04 (lomi) +008 (tumi.) +0.2 (i) +08 (lomi)
2. H—4L (120<m,<130 GeV) 30 (tofal) (=13 (fotal ) +0.35 {fotal) ~ #0.8 (total ) £1.3 (total
3. off-shell ZZ (20<m,,<60 GeV/100<m,, <120 GeV/130<m,,<180 GeV) |
4 on-shell ZZ (180< nifm <2000 GeV) ;‘f Two predictions are :ﬁown . SHERPA 00+) | 236:L) 437021 11307 4629

gg —4¢ process simulated with POVHEG+PYmS (- 831) ] J12el3 43000 10707 dhasd)

29.11.2022 ICPPA2022 Sherpa or Powheg+Pythia8 12



§i wepocos 1, CROSS SECTION OF PP 4 LEPTONS+X AT 13 TEV #2 FurPhe) s 1ot

f X axis ()pmmm( for my > 225 Gev

% ATLAS T pval (Sherpa)-0.22 —s Data. 3 3 [amas 4 Dala 1% Eamas gDl ]
O {0ps=13TeV, 139 b p-val (Powheg)=0.09:%%% Powheg qg—41 + X 9 10=E5-13Tev, 139 1o’ M Powneg g+ X3 © 0-4—\!‘ 13TeV, 139 fb” i Powheg gg-4l + X 3
e ® kot err S0 o ST R
S o © [ pval (Sherpa)=0.76 t il o ﬂ_
% QHQJ_:fAlrI ] % 1;_§_:Z|EPO$E:;]=O'6 o E g pl\-fla_l) ?Slherpa)—OOE _:
© 107 —— AV(V)+VVY E L m,, A 108 My,  puloumeg-0or ]
102 < 3 e E E
3 ] LS FJ-J-‘_ ‘ ] —E
10 C S :
10 % RN I SN . _;
F Z—— HHiggs————> On-shell 2Z 100 ] E
1075\ — Off-shell ZZ = o L E ]
g b g s f = Y -
[3] @ ” b © L
Q Q Q2
S 6 § ..f
5 g 3 1%
g . . i
o . . . . o 05- L 1 4 o 055##
50 100 150 200 ' 30 100
. [GeV] ) . ] my, [GeV] ) - M, [GeV]
Differential cross-section as'a function of nfj, < Differential cross-section as a function of 7z, & 7z, in the four 7,
* The measured data are compared with the SM regions for the contribution from Higgs production.

prediction using Sherpa (red) or Powheg+PYTHIA
(blue) to model the gg— 4¢ contribution.

% The pvalue is the probability for the 2, wit
degrees of freedom.

The same-flavour, opposite-charge pair with an invariant mass closest to M is
selected as the primary pair in the event with 7z,.,.

The region dominated by Z—4¢ production is used to extract the most

» The SM predictions agree well recise measurement of the Z—4¢ branching fraction to date,
within uncertainties over m,, B 740 =[4.41+0.13 (stat)+0.23 (syst)+0.09 (theory)z0.12(lumi)]x10°

Specﬁlllfﬁzlz ICPPA2022 O The result is consistent with previous exp. and with the SM prediction
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) Phys. Lett. B 816 (2021) 136190
ATLAS  arXiv:2010.04019 [hep-ex]
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2. CROSS-SECTION PP(y y) — PO W PO, W*W—e'v v #1
> The observation of photon-induced production of W-boson pairs, yy — W W —ev utv
Q This is unique process: it only involves diagrams with self-couplings of the EW gauge bosons #* final-state proton stays

8l

8l

s Test of the EW sector of the SM
¢ Direct access to triple pWW and quartic pAWW
interactions, O(agy,%)

W+

W

24%

quartic pppWW

i

intact or fragments emitting

73% ay

2%

™ X " X

Diagrams for the exclusive pp— W*W- production representing the
I. elastic process
I1. single-dissociation where one initial proton dissociates (SD)
I11.double-dissociation where both protons fragment (DD)

Signal region

Control regions

Rirk SR |nw=0] CR CR | l<nxk <4 |CR
pst > 30 GeV <30 GeV > 30 GeV < 30 GeV
vy — WW 174 +20 45 + 6 95 + 19 24+ 5
vy — €€ 55 + 03] [396+ 19 56+ 12 32+ 7
Drell-Yan 45 + 09| D80 +40 106 + 19 4700 + 400
qq — WW (incl. gg and VBS) [101  + 17 55 +10 |1700 270 970 + 150
Non-prompt 14  +14 36 +35 220 +220 500 + 400
Other backgrounds | 7 o= 17 1.9+ 04 | 311 = 76 81+ 15
Total e B05 +18 [ P59 £19 [2460 = 60 6320 + 130
Data s 307 449 2458 6332

o Run 1 evidence of this process has turned
into observation in Run 2 at 8 TeV:

% ATLAS: Phys. Rev. D 94 (2016) 032011

% CMS: JHEP 08 (2016) 119

Summary of the data event yields, the
predicted signal and BG event yields in
the signal region (SR) and control
regions (CR) as obtained after the fit

15



Phys. Lett. B 816 (2021) 136190 C 2 ' y » *
S 2. CROSS-SECTION PP(y y)— Pf ‘W w PO W W —evulv #2
Ezc-nu_l "CR  Amas 1 E ATLAS '] The interaction vertex is reconstructed
0 (5=13TeV, 139 o o o ™ (5= 13 TeV, 139 b —| from the leptons as the weighted average z-
£ I<sn 4= crR 4 ¢ SR 1 position of the tracks extrapolated to the
Q@ N . . .
£ 1500 3G - I ) o 1 beam line: e _ sin® 0, + z¢, sin” 6,
- ] ] B DrelY ] vix . 2 . 2
— o ] i - sin” Oy, + sin” O,
1000 M- Novpomyt ] gf;;';‘;”;g;ﬁ?md 1 The weighted mean zposition of the tracks
| %444 Total uncertainty . A Joaluncenainy | extrapolated to the beam line. n,, : number
500 p>30 GeV — 1 of tracks in a window Az=+1 mm around
. &= ¥ ZI . excluding the tracks from leptons
L
. ——— ————r— — , —_— £ 1200— —e_ Data A'.:"LAS I I
3 5 14t %H\ o _\E\: — g:,:w s rey 135 1"
g g 12 I 1000F PTTS0GY
& 2 i) E
8 8 oaf Geaez //// "z CE =
e 0.6 T S L T A T I - T
0 20 40 60 80 100 120 100 120 4

piu [GEV] p?-u [GEV] 200 _
» The background-only hypothesis is rejected with a significance of 8.4 (5

@ LI R A AL i i i
dThe I observation of photon-induced productioninpp < b ——m
collisions (only evidence was previously reported) S

> o 114=3,13+0.31(stat)+0.28(syst) fb Number of reconsiructed racks,

Without additional tracks from hadronic activity

» Theresult'is imagreement with the theoreticalpPredictions  and from close-by pileup interactions 6



&) Jrepeeomos CROSS-SECTION PP— W* W + 21 JETS + X #1
> Fiducial & dlﬁ']erentlal cross-section measurements of W*W~ production with >1 jets
» It is sensitive to the properties of EW-boson self-interactions; provide a test of pQCD & EW theory

QEvents are selected with one ¢t4* pair & >1 jets with z >30 GeV and |71 < 4.5

/
f_r = { = r— . \ , , T T T I | T I T T | T T T T | T T T | T T T
: \\ M e S " Fiucialslecion equitements %T,_ As — Data
< . s =13TeV, 139 fb [ stat. Unc.
pp > TGV | eptond | pp — evivi []Tot. Unc.
7 va q ‘”5’ <5 Data ¢ Predictions
7/ 258 + 4 (stat) + 25 (syst) fb
Moy 2 83 GeV MATRIX 2.0 nNNLO
% pj N 30 GCV - 279 + 2 (PDF) + 18 (scale) fb
q w+ Wt g Wt J-T ¥ Jels | MATRIX 2.0 nNNLO ® NLO EW
9 q g V| <4 278 + 2 (PDF) + 18 (scale) fb
1 Feynman diagrams: /#* " boson pair in association witha Jet Sherpa 22.2 0-Y@NLO, 23/@LO) "
» The measured fiducial cross-section of W* W —evu'v +>1 jets +X IGS 4N ¢ P8 EXEx (0-1@NLO)
- Scale
O-fld — 258:|:4 (Stat) :|:25 (SVSt) fb T ——— | Powheg MINLO + Pythia8 (0-1j@NLO)*
Comparison of the measured fiducial m
_ _ WW + jets cross-section with LL 0 PR L TO ML L1
The result iIs compared with various theoretical predictions Integrated fiducial cross-section [fb]

O fixed-order parton-level prediction from MATRIX 2.0 that is accurate to NNLO (NLO) for gg — WW (Wgg — W) product

O prediction that additionally accounts for EW corrections to WW+jet production: calculated with Sherpa 2.2.2+OpenLoops

O predictions from Sherpa 2.2.2, MadGraph5_ aMC@NLO+Pythia8 with FxFx merging, and Powheg MiNLO+Pythia8,
which are all supplemented by a Sherpa 2.2.2+OpenLoops gg—WW LO+PS prediction

R » The data agree well with all MC predictions 7



&) JHEP 06 (2021) 003
ATLAS

R@SSE ECTION PP— W*W +21 JETS + X #2

arX|v 2103 10319 [hep ex]
%. 102— Dalta and Stat. Uncertaint —51045 - - = 102k o o J10* &
I ?‘TﬂgTev,mg ! : ;ﬂf&";g?‘.““—" y ] > Measured fldUC|a| Cross- 8 1 »?_Thjg_rev N ¢ _ Data.and stat. Uncertinty §1 S
g - pp — efvpvj 3 MG5_aMC+Pythiag FxFx * ) = - . ;;. - ; =y ﬂ: i E snerpz 2-2;-2t ia8 FxFx* |
oownoeemas- G0 gections of WIW+jets for: & oL PP oot IV el PP
‘%6- : %ww%m " plus Sherpa+OL gg — WW lead.l b-lead.| lead. Jet p: a e ©  MATRIX NNNLO ® NLO EW 3
S [ e - ead.lep. Sup-iead.iep. ead.Je - " plus Sherpa+OL gg — WW ]
.. . w""‘”w 3 Osz P J pT P 1 pT ] FgT 1k Www 102
—— . - oo ;
10E - - 10 . . i -
: O All predictions give an excellent 10| - J0
—taegrr ) ) - AT 3
o2k Mﬂ_g description of the observed data W*:;
@ . .- 102 =L
g 0F { ¥ L O For the nominal Sherpa 2.2.2 prediction, 1.4 -
: 0;~-—+#—-—#ﬁéﬁ#ﬂ%¥é# B H Hh values of y?/ndf are below one, except for'?f ~‘IH* $rdrt ,__,# %%h%{qihg oo 1 ]
& o6l , the m,, distribution measured for p'ed. Btoof :
a Oﬁ —
% 40 5060 0 210 3"‘°§lee5“[‘G5;‘J{’2 >200 GeV, for which the value is 1.4 30 40 50 60 7080 107 o
S‘ F . . . — . . — - : — . . . . ) p_srub—lead. Iep.- [GeV] _
g | %TiﬁgTer 139 b + z‘zg'in"};‘:; i";ncenam | @ C(_)mparlsons O.f the r emalnlng pFEdICtIO%S -_?ET:J:?TeV, 139 b’ : Ec:tt:'in%%? i-n;”ce“a'"‘!-' - ;S
= 10F pp - etvuv] : m%"gmpy;h.amx E with the data yield similar y2 values, = "°F pp — etvuv E m%"gmp,,g,amﬁ. {0
& [ Qfgge. W i + ia . . .. = C i + ia
I papee— o wamxmmoenoewd - except for the jet multiplicity, Hy & S¢3  frosesss P MATRIXANNLO @ NLO B ]
© o '”"“""“'__ﬁw___ 412 distributions, where, for the highest ik ""‘*'V”'__h*?i__ Jie2
_ Y. multiplicities and energies, small H. = ZpHet T :
ok e 1.« discrepancies exist: data / predictions T o
3 i — E - — jet I N L
w4w > The data agree well with = Zp*+Xpy bt 13 11
o 14} C L _ - - - - - 1 ] ' ' " .
2 ey b predictions in all differential o] " Lr{ :
s ¥ ‘**?“ Xig %”*’f } A T { i3 = a3 e =
S o T I {_ distributions, up to the highest }—.
* oep —— ] * 060 10 107 3x102 ”%ct
40 50 60 1 2x1 3x1 =5x1
H.[Gev] 18

40 50 60 10? 210°  3x10? 24 5x

P [GeV]

pr and for <5 jets

102



ATLAS :

Z(—>LLyJd & Z(—pvlydd

b \ ha R
WET \PR@D,@J@H@NV et

: | i - £ R Z )yl
J et N R V Z(—vv)yJj candidate evenL\,\: 78
MET

> P =64 GeV,
> E,Mis = 264 GeV iR
> m;=2.6TeV jet °



CMS: ELECTROWEAK CROSS SECTION MEASU

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined =

May 2022 CMS Preliminary
CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) 00—+
Theory 8 TeV CMS measurement (stat,stat+sys) ——o——
13 TeV CMS measurement (stat,stat+sys) ot
qqW — ot 0.84+0.08+0.18 19.3fb™
qqW ot 0.91+0.02+0.09 35.9fb
qaZ —f 0.93+0.14+0.32 5.0fb"’
qQaZ o 0.84+0.07+0.19 19.7 b
qQaZ . 0.98+0.04+0.10 35.9fb’
WV e 0.85+0.12+0.18 138 fb™
TY—WW i o 1.74+£0.00+0.74 19.7 fb"
qqWy . ' 1.77+0.67+£056 19.7fb"
qqWy . 0.88+0.11+0.15 138 fb™
os WW e opposite-sign (0S) WW 1.12+0.15+0.17 138 fb™
ss WW -+ . H same-sign (SS) W*W* 0.69+0.38+0.18 19.4 fb™
SS %NW L 1.20+0.11 £+ 0.08 137 ﬂzr‘1
qqZy = o 1.48+065+048 19.7fb
[qqZ'y C D 1.20+0.12+0.13 137 fb"
qqWZ b e 1.46+0.31£0.11 137 fb™
qQqZZ . 1.19+0.38+0.13 137 fb™

|

0
All results at:

1

2 3 4
Production Cross Section Ratio: o,,/c

List of publicatiorrahteps://twiki.cern.ch/twiki/bin/view/ENSPUBITEIPhysicsResultsSMP

5

theo

CMS

U Summary of the cross
sections of pure
Electroweak (EW)
Interactions among
the gauge bosons
presented as a ratio
compared to theory.

JHEP 06 (2020) 076
Eur. Phys. J. C 82 (2021) 105

20



§0i) ATLAS-CONF2021-038 gy g CTROWEAK PP— Z(—LLJ)y JJ +X & PP— Z(—vv)y JJ +X PRODUCTION #1 C'Z’/
» Vector boson scattering (VBS) processes (VV—VYV with V = W/Z/y)

> Quartic EW coupling experlmentally accessible in electroweak production of VVjj

T

: , ; . 0 Purely EW interactions
; ; .  without self interactions
. s
: . p
i LE 1 h ] 3 i g
h T i h h
g TR o =R =k
¥ fa e v fx fa
rl “ h ‘ l'r! I‘
1 Processes involving both strong and EV\/“lnferactlons“
4 Purely EW mteractlons Involving only 3 g
; 120 s=13TeV, 139" @

cubic and quartic self interactions i i |

U TR 7 /e 4l
> 182 GeV I = Al b L - q —O—\ifv\<
.- _'-- - 3 y Faa

60

-y

y . .:'..'_."4.:.1 P ¥
LT ioE R (% . 3
P r
Y e p -
o =1 50
s T o .

40,57 an 10n 110 190 120 140 150 160 170 0

Zy Production;::

: FSR s
The Z—Il & Z—vv decays are studied " i A
Z—Il large contributions from FSR off of leptons

q l'f‘

O Increase sensitivity to EW couplings, by removing FSR events

» Selection on the masses of the Il and /Iy systems: m+m;, >2m,  JHEP 03 (2020) 054 muncev : hAAAAAN T
- Two-dimensional distribution of m(ll) and m(Zly) for events 21
> LE{%_‘E% %_:L‘Q’L decays L ey, e satisfying all u*u~y selection criteria except that on the sum of

m(ll) and m(Zly). The photon is emitted from an initial-state quark



S arias conr a0toss ELECTROWEAK PP Z(—E'E, i'ur )y JJ+X PRODUCTION # 1

» The cross-section of the EW prodm: sensitivity to the gauge boson self-interactions
O Improved constraints probe scales of new physics in the multi-TeV range and provide a way to look for signals

of new physics in a model-independent way & 1000
_ o = 900:_EVV  ATLAS Preliminary e Data
Lepton p& > 20,30(leading) GeV, |n¢| <2.47 Selection criteria 2 800§ - . {s=13TeV, 139 fo! Eg\gbz?{, jj
) . S ' Pre-fit -
Ne=2 applied at particle level 3 4,5 Er‘le | o Zijets
Photon EY >25GeV, |ny| <2.37 6005 ; QCD -3\}{2
EcaneZU < 007E}’ — \
— A\ Total unc.
AR(E.y) > 0.4 500 C(I*17y)>0.4  N\Totalune
et _ 400
Jet P >50GeV, |yl <44 yeey - (}'j] + }'jz)ﬁ ________
VBS si t |Ay| > 1.0 é’({f:y) =
signature b, > 150 Gev Yi = Vi
remove jets if AR(y, j) < 0.4 orif AR(¢, j) <0.3
Event mee > 40 ?SG;G / The centrality of the 0
Strong QCD-Zyjj " 23?;',’)2 01 I*I7p system relativeto S 14 .‘{(|+|-2Q<0 4 . { + ?-
. - . . . - =10 =t - -
Separatlon N;g:rf =0 the tagglng JetS (Jl’ J2) g E 1 :*\'\‘:V\'\\\ \\\-\-\\\!\aanw«‘\-\m\\-\’u\-\x\\\-\-\\\\\\\*\\\\\\\*\\\e\ \\\&\\\\Q\\\\‘%\\\‘éf
c 080702 04 06 08 1 12 14 16 18 2 22

1 Events selected with high m;; and high [Ay;;| Gl

3 Centrality used to control background from strong Centrality distributions, &(I"Iy), in Signal Region,
Zyjj production {(I*17y)<0.4, and Control Region, {(I*17y)>0.4,

- . _ before the fit to extract the EW-Zyjj component is
 Background from misidentified photons estimated performed. The sum of the signal and the

In data;background from tty validated invdatais«..n:  various backgrounds is shown. 2



2 ariasconrannos ELECTROWEAK PP—Z(—e‘e, u'yryJJ+X PRODUCTION #2
» Post-fit m;; dlstrlbutlons In Signal Reglon (SR) & Control Region (CR)

800 ——— —

5 aTLAS P 3 baa E O T T e 2 1 To minimise dependence on theory
R R T =1 U (T T g N 1 modelling, the high-¢,, is only used to
) 600 = Z+jets 3 I Z+jets = t . th d tll’.yb t
s00F b POREF o = - 4 constrain the mj; distribution
9 Total unc. = Sy Total unc. 3 . .
A 3 - 30 The normalisation parameters of the
300 E - .- P .
200 E QCD-Zyjj background, constrained by
100 ‘ data in the SR & CR are
E; 1,(-)1 7i___—_______________________ % ___ _________________________ ﬁf y-strong, CR — 1 DD'_I‘é] E-:
-.ce RTINS _..._ \\
g 09 N o i Bzy-strong, SR — 1. DE'__I_E 115}"
08557006 7500 2000 zsbom [Ge:i/E]oo 00 1000 500 2000 2500 [G 3(/0100
\ ” g Background-only hypbthesis rejected with 106 (116)
Summary of the SR CR Measured and theoretical Zy-EW cross sections: S
observed number exp — &
of events in data, 300 £ 36 o+ 7 Orw P =4.49+0.40 (Stat)i0-42 (SySt) fb q;s
N,ps» background 08755 135260 [ O, = 4.73£0.01 (stat)+0.15 (PDF)*023_, ,, (scale) fb &
(NNZﬂe)ts’é\l\;\t/_y’z B Ei})’l iiig (from MG5_aMC@NLO+Pythia8 at LO) 0 .
wzjj/s ~£)) ; _ : . S
Signgl (Newz,7) G2 13t d Measured and theoretical Zy EW++1C§CD Cross sections: s@
(NQCD—Zyjj) after Total ﬂ@ligg 1624 ji/élo G theor — 20 4:|:O 1 (Stat):I:O 2 .(PDF)+2.2 (Scale) f@?
the fit N, a6l 1624 EW+QCD o ' 22 ~

29.11.2022 ICPPA2022

(fromMG5“aMC@NLO+Pythia8)

23



@ Eur.Phys.J.C 82 (2022) 105
s arXiv: 2109.00925

EW Z(—wvv)yjj selection

ELECTROWEAK PP Z(—vv)yJdJ +X PRODUCTION: 15 5>P/>110 GEV #1

» Using the E{™' to triggers

> F2,3reco

Z(—Vvv)y events

1 This usually doesn’t impact
sensitivity to BSM effects, as
these are expected at high ener

12 p

fiiciency
|

0.6
0.4

0.2

1

1 —

0.8 I

JHEP 08 (2020) 80

Anlii) = =, VBF scale factor

L1: ET™ (L1} = 50 GeV'

HLT: ET™ icell) = 65 GeV and
ET™ (pufit) = 110 GaV

—a— HLT+L1 Data
—= HLT+L1 MC
—— L1 Data

- L1 MC

oa;ﬂ'ﬂ
0.6

LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL

100 120

140 '160 180 2{]{] 22[} 24[} 250 280 300

® [GeVv]

---------------

VS = 13 Tew, 139 "
SR+ZI__ . CR for EW Zf—v Ty i

1.02+041
1.01+0.20

CR SR

rrrrrrrrrrr

Pos-fit

EWW Wy Bl Sirong Wy

- I!f;r.l"'l.-"]-r - ae—s3

---------------

y)=0.5[y(j)+y(j2)]

y-centrality = ‘ y(j1)-y(j2)

0.3 0.4

T e T e T, T e T, T e, T

Observable Requirements
Ny with py > 25 GeV
(1)l <45
pr(j1) [GeV] > 60
pr(j2) [GeV] >50
AR(j,{) >04
|&7}i]'| T boson > 3.0
; lﬁ;fmg (VBS) | <07
m[TV]  signa® | 505
truth-E7"™ [GeV] > 150
Ad(truth-E™S, jy) > 1.0
pr(y) [GeV] > 15, < 110
n()| <237
EN[E] <007
AR(y, jet-or-{) > 04
Cy  strong-Zyjj separation >04
Ad(truth-E™S, y) >18

‘ WY g

N it pr > 4 GeV and Jy < 241
T

0.7 0.8 09 1
FPhoton Centrality

Similar strategy to select VBS events; control strong Zyjj production
Additional-BGs, mainly Wryjj, compared to Z(—ll)y in datg



§A EurPhysI.C82(2022)105 gy ECTROWEAK PP— Z(—vv)yJJ +X PRODUCTIOR: 15 5P7>110 GEV #2

» EW Z(—wv)yjj Is observed in this final state with a significance of 5.2 (5.1)

- 180 —————T——— T T — T T T T T ]
wa) ATLAS Post-fit ]
= 199F {s=13Tev, 139 " . - Data
= 140k EW Z{(—=vTV)¥ i) NN 1 >3 Uncertainty
o i ] EW Z+y
Ll 120 — I Strong Z+y
100 : : % E EW Wy
: : - ] Il strong W=y
80 : : WMt Vyy
60 S o B y+jet ;
a0 N .oy Post-fit results for
- g jet—y -
20 A T jet—e m” SR & CR b-lnS
In the EW Zy+jets
14 ' -
e 1 ok L Cross-section
E ;E S ‘h“h‘u‘ﬂt =Ry i
06E o Datapostnt ; N\ uncettapty : —PreqPostnt . i m. rrevmeasurement Wit
Fake-e CR WJ.,CR W/ ,CR ZL. cen CR [SR-m, ! the ﬂzy_EWS_lgna|
 Measured and theoretical Zy-EW cross sections: é& normalization
Gew meas. = 1.31 £ 0.20 (stat) £ 0.20 (syst) fb & floating

Gew, theo, = 1.27 £ 0.01 (stat) £ 0.17 (scale) £ 0.03 (PDF) b~ &
(from MG5_aMC@NLO+Pythia8 at LO, rescaled by 0.3% to VBFNLO) ¥
[ Largest sources of uncertainties in jet energy scale/resolution is 7.6% and in Vy+jets modelling is 6.7%. 25



A@ arXiv:2208.12741 [hep-ex] ELECTROWEAK PP Z(—H)V)}’JJ + X PRODUCTION: ETy>150 GEY #1

» The EW production of Z(— wv)y jj with a y (p>150 GeV), is a probe of the EW symmetry breaking mechanism
In SM & is sensitive to quartic gauge boson couplings (QGS) via vector-boson scattering (VBS)

Z boson branching ratio Z—wv is larger than the branching ratio Z—l; the background is under better control than in the hadronic decay channel

q q

Z
q

q

o

q
A
q %
a !

q

q

Photon centrality relative to the two jets
with the highest p+ values in the event is

defined as

y-centrality = ‘3’{7' 0350y G +y ()]

J=y(j)

kl

Were y=05x1n[(E +p;)/(E - p;)]is the rapidity
of the objects (p, Is the z-component of

Fiducial region definition

, | o~ the momentum of a particle)

Selections

Cut value

Feynman diagrams of electroweak

Q Zpy/ production involving the VBS
subprocess (top left) or

non-VBS subprocesses (top right)

Of QCD Zyy7 production with gluon
exchange (bottom left) or

the s-channel gg¢¢ process (bottom
right)

Q
Q
Q

29.11.2022 ICPPA2022

Egl‘:&
T
Number of isolated photons
Photon isolation
Number of jets
Overlap removal
Lepton veto

| A¢(7 Ii %HISS
|Ad(j1, pr)|
|Ad (o, ™)
mjj
y-centrality

> 120 GeV
> 150 GeV
Ny=1
E;““e“” <0.022py +245 GeV, p?“ezo [pr <005
Nies 2 2with pr > 50 GeV
AR(y,jet) > 0.3
Np=0,N,=0
> 04
>0.3
>0.3

> 300 GeV
Yuri Kyb{g\itsky, JINR

Definition of the Zy subregions
# y-centrality

21 lepton

G GeV]

Q' The signal region (SR) is required to have 7z,>300 GeV

and y-centrality < 0.6, where 72, is defined as the
invariant mass of the 2jets with the highest values of z;
The Zy QCD CR 1 requires events with 72,<300 GeV; it
IS used to estimate the Z{»v)p77 QCD background yield
The Zy QCD CR 2 has the same selection criteria as the
SR but requires events with p~centrality > 0.6; it is used to
check for possible 7z, mismodelling. The values of the
requirements are chosen to maximise the number of events

and the purity of the targeted process in each region 26



A@ arXiv:2208.12741 [hep-ex] ELECTROWEAK PP Z(—vv ) yJdJ +X PRODUCTION: E*>150 GEV #2

250

o T T T I L T o — rTrrprrrrprrrrprrrrprrTg 8 SR N N N S §z] 4 | I I I I T | I |
s [ AmLas -+ Data ZWTNEWK | 8 250: ATLAS +-Data Z(VWiEWK | B 450ATLAS 4 Data AN EWKS B 10°E aATLAS - Data Z(vV)yii EWK 3
w - Vs=13TeV,1391b" [MZ(vV)vj QCD MIW(vpjiQcD | ™ [ Vs=13TeV, 139" [Z(vW)yj QCD MIW(vpyjaco | H - V5=13TeV, 139" Z(v¥)j QCD [ W()yjiQCD 7 L E Vs =13 TeV, 139 tb” Z(vV)vjj QCD W(lv)yjj QCD -
o00|-Background only fit W)y EWK [ W(ev)j. . tij_| o00l- Background only fit = Wi(lv)yj] EWK B W(eV)j, tj, tj | 400—Background only fit Wiy} EWK l\"{(eV)Jj,tJ‘J,rﬂi— | Background only fit W(ivyyii EWK Il W(eV)jj, tjj, tij i

- Zy QCDCR 1 Bt Wi ] | ZyQCDCR2 M i Wi i 3502_WT CR W thi Wi 10° | Signal region I ttyjj M vii |

" PostFit Bz i Wz i - PostFit Wz Wz ) - PostFit Wz j Wi 0 = Post-Fit Wz i B Z(liyvij 3

50 7/ Uncertainty -~ Pre-Fit Bkgd. | L 77 Uncertainty -~ Pre-Fit Bkgd. _| 3000 7 Uncertainty ~ ----Pre-Fit Bkgd. - “2ZUncertainty  ----Pre-Fit Bkgd. J
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2 o vesusamo, SM PRODUCTION CROSS SECTION MEASUREMENTS p.
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U Electroweak VVjj production has been observed in all major channels
O They are amongst the rarest processes currently experimentally accessible 28
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Run: 349169
Event: 1043374730
2018-04-30 01:58:32 CEST

WWW?'é'*v e"v uv candidate event
E,Mss =105 GeV
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Phys. Rev. Lett. 129 (2022) 6, 061803
ATLAS  arXiv:2201.13045, ATLAS-CONF-2021-039

OBSERVATION OF PP— WWW+ X PRODUCTION #1

» The combined observed (expected) significance pp— WWW+X is found to be 8.0 (5.4) s.d.
@ The inclusive cross section is 820+100 (stat)+80 (syst) fb: 2.66 from the predicted of 511+18 fb (NLO QCD, LO EW accuracy)
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» VBS signatures by requiring at least 2
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O on-shell WWW simulated with Sherpa 2.2.2 at NLO
0 WH —->WWW?* simulated with Powheg+Pythia8 at NLO

: : _ _ . o QO spin correlations accounted for in W decays
Signal is measured in a fit to a boosted-decision-tree (BDT) discriminant O t- and u-channel production at O(a) as background
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» Higher signal purity in 3l events compared to I#l%jj
O Separate boosted decision tree (BDT) training to
extract signal: Kinematic and angular variables,
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O The measured cross section, extrapolated to the total phase space:
> 6,ww=820+100 (stat)+80 (syst) fb; 6\\wwMc=511+18 fb

» 2.66 from the predicted of calculated at NLO QCD and LO EW accuracy
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Backgrounds and Background Estimation
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Largest source of background from WZ+jets
production, constrained in control regions

O Other backgrounds are instrumental and

estimated in data (misidentified leptons, vy -
conversions, electron charge misreconstruction)
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OBSERVATION OF pp — VVV + X PRODUCTIO

> The production of VVV (V =W, Z) bosons in pp collisions at Vs=13 TeV

N Phys.Rev.Lett.125 (2020) 151802
arXiv:2006.11191

> 5 final states: W*W*W*—FE =2vqq , WAWW*—FEE1 73y, W*W Z— 2y 1F1F, WEZZ—Ev2(1F 7 ), ZZZ— 3 (1 7)
CMS

137 fb™ (13 TeV)
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4/5/6 leptons

— N — S
eeeuLppeeenppeeeupn 2 1 0 AB 12345
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Data and prediction
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3 Background + systematics

Triboson signals
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[Lost/ three leptons
Bl Charge mismeasurement

EW W / iw
[ JNonprompt leptons
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Backgrounds in 4/5/6 leptons

0Zz [Qwz []Other
@tz @wz

Comparison of the observed numbers of events to the predicted yields after fitting. For
the WWW & WWZ channels, the results from the boosted decision trees (BDT) based
selections are used. Events with two or more jets are categorized as “m;;-in” or “my;-
out”. The expected significance L in the middle panel represents the number of
standard deviations with which the null hypothesis (no signal) is rejected; it is

calculated fgr, the fit for s Pulls are the differences in the numbers of observed.and,

predicted events normalized to the uncertainties in the numbers of predicted events.

O The observed significance of cMs 19707 (13Tel)
the combined VVV S ol st
] ; j Combined | - + Sequential-cut 102 tggg ?228
production signal is 5.7 (5.9) e o
Q the corresponding measured o
: ; WW| e 115 96 ‘030
cross section relative to S : :
. . . | — 0.86 +0.35 +0.32
prediction is 1.02%0-26 . el = oo
Q The observed significances ~ Wz| | _t=— 224 "1
for the individual triboson m| Moved <54 |
production processes:
o 3.3(3.1) WwWW, R
34(4.1) WWZ Signal strength
o 3.4(4.1) : Best fit values of the signal strengths
o 1.7(0.7) WzZ, for the BDT-based analyses and the
o 0.0(0.9) zzZ. sequential-cut analyses
Cross section (fb)
Treating Higgs boson contributions as
Process Signal Background
VvV 1010+219 +1s0 370136 60
WWW 590+ 160 +160 1 90—0—11;1}{()1 +%()J'
wWwz 3007129459 10045039
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A@ ATL-PHYS-PUB-2022-009 YECTOR BOSON +X CROSS SECTION MEASUREMENTS

Vector Boson + X fid. Cross Section Measurements  swuws febuay 2022 frde o o The data/theory ratio for
' — T several single-boson fiducial
¥ Tl'lEH'.'ﬂ"y' 202 JHEFP 06 (201E) 005 . .
— 4§  FrDEs.0oo0a pasy production cross section
—r+zl) i
Hepp E=3 TV | FE WEewdgarnir o measurements, corrected for
Z — ee, Data 'ingz HEP 02 (2017 117 i i i
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= stal & syst - . -
Bl O N iﬁ% o All theoretical expectations were
Itz o 46  JHEP 07,032 {2013) :
Data - .
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Z-rr Hege | 48 eostomoseos  uncertainly.
Y S ] PLE 738, 25-43 (2014) 1 _
Z - bb LHC pp V5 =5 Te\ “E‘“E o s oaar O The lighter-color error bar
W — ev, pv =" .. Wb EPdC 77 (2017) 387 represents the full uncertainty,
025  ERJC 79 (2019) 128 . . .
Wt 2 Eﬁi £ 75 aoie 2. including systematics and
—W+ =2 _ - - - -
— ﬂ; 48 Ecnivisisr IumInOSI_ty u_ncertalntles.
T 502 JHEP 05 (2018) 077 The luminosity used and
= 4 6 EF.JC 75 (2015) 82
Wi T EERene reference for each measurement
“;1.2-.' I]h: Ezi EZE JHEP 06, 084 {2013} are also shown.
e =+ qqQ i — 7 ' 4.6 KJF 18, 113013 (3014) - .
o(W)io(2) (id) | s TIAS Proi— 0081 PETEEUIEE O Unce_zrtf_;untles for the theoretical
-2 e TLAS Preliminary 48 EnjcTiini e predictions are quoted from the
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29.11.2022 ICPPA2022 Yuag{%ﬁﬁé'\&'y PDFs and scales. 34



£ arxiv:2205.00507  CROSS-SECTION PP —Z(—e'e, fu) +21JET (pr ;2100 GEY) +X #1
» The pp—Z+high-p- jets+X provides a way to probe the interplay between QCD & higher-order EW processes
O The angular correlations between the Z boson and the closest jet are performed in events with at >1 jet with p+ > 500 GeV

g 7 q q
Z'l' 1-]6'[ D"t
ye 7
q q 9 q

Feynman diagrams for the production of a .Z boson

In association with high-z; jets

U The Z+ 1-jet events are expected to populate the back-
to-back region where the 2 boson is balanced against
a single high-z; jet
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Inclusive H;’gh-pT

Collinear Back-to-back

High-S_

d In diiet events, the Z boson is expected to be radiated Summary Of |ntegrated fldUClaI CI’OSS-SeCtIOH reSUItS
1 Data are compared with predictions from MC generators
4 S+ is the scalar sum of the transverse momentum of all

from the quark leg, with kinematics leading to small
values of the angular distance between the Z boson
and the closest jet, A&, and, therefore, populating

the collinear region
29.11.2022 ICPPA2022

inZz y

selected jets. High-$7 > 600 GeV

St = Zp*+Xp

d The collinear is for 4#™", < 1.4

'Q“THe back-to-back regions is for 42, >2.0
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1> The NNLOjet@NNLO predictions”-5

describe the data very precisely,
except for large values of pT o0 (Prj1)

CROSS-SECTION PP —Z(—et*e, (') +21JET +X #2

1#» The Z-boson prand jet p; are S BT T T T T T T
observables of the Z+ jets process § 10} & Y Bifepire
and probe perturbative QCD over a8 " -6~ SHERPA 22.11
wide range of scales IR S . MO ACTYE R,

c.: : ** High-p; region
* Understanding the kinematics of Jetsg ;[ —p
In events with V-bosons produced ing  { ==
iati ' iets i | ATLAS ——
association with several jets is 107 13 Tev. 139" —=
EIs=13Tey,
> essential for the modelling of 1 zes1p ——
backgrounds for other SM processes Y[ —
& searches beyond the SM e 0

O The high-z, region is dominated by thé
b_acl_<—_to-back topology and_receives 0814 I ] I - I - i - I - I:
significant negative corrections due &0
EW effects % 1%!%&#%@

{d In contrast, eventswithahigh-prjet%qg | I I I MRNTIN E I ] Ij
typically result in both back-to-backg | ¥NNLOETNNO © FNNLOETNLO @
and collinear topologies -
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> Differential cross section as a function of the p; of the Z (—¢&*e-, #°) boson (p;,) and of the p; of the leading

Jet (pTJ

29.11.2022 ICPPA2022
1) In the Inclusive region

Yuri Kulchitsky, JINR
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A@s arXiv:2204.12355

CROSS-SECTION PP —Z(—e'e, 4 i) + LARGE-RADIUS JET+X #1

» Heavy-flavor partons in the initial state of a hard-scattering process are understood to arise from gluon splittings into 44 , cc

O A high-mass new particle decaying into resonances naturally generates high-momentum merged jets, and the high-
momentum regime is particularly sensitive to modifications to SM dynamics by new physics

O Alarge-A#-jet is required as a proxy for a high-p, hadronically decaying or splitting object (high-energy gluon)

Inclusiye\ 2-tag

% \w\ % it
Z+bb 324 +4 305+4 8426 1572425
Z+ce 536+ 10 530+9 : 19.3+20
Z+be 89 +2 81+2 146+12 1+09
Z+b 2588+ 13 2423+ 12 148+ 1.1 124+%h
Z+c 5073+32 4862 +39 55+13  69+17
Z+light 53808 + 164 51206+ 145 94+1.1 1L1£15
tt 5960 £46 5204 +43 827+53 754+56
W+jets 13+4 711 04+0.1 <0.1
Diboson 2042+17 1834 +16 205+14  207+14
MC total 70493 +175 66452+ 158 3249+68 315172
Data 66481 65034 391 384

Reconstruction-level event-selection yields in the ee & 4 channels from each process’s
MC sample (with Sherpa 2.2.1 used for the Z#+jets samples) and from collision data
The single-top process was found to make a negligible contribution to all event

Selections and has been omitted.

» Multijet backgrounds were estimated to be negligible by a data-driven method
E 104 Z I_’Iele- o IAT'LA ~_ _:\I:I?n%tasllat . E PEZ — ee I Ai'.LfIISI ] +Data_
= Inclusive region " Total sys = E 5 a0 region #=MC stat

| S e i Z+cc

- . =2 °E =
. = Wets - = Sets
7777777777 =E|boson 2 -leoson

o The 2-tag region was defined as a subset of inclusive
with requiring “the large-R jet contains exactly two
b-tagged subjets” (highest-z 2-tag large-/Zjet in the

2-tag selection)

Subjet separation: the angular separation, A&4, 4 ),
between 2 A-tagged subjets
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Large-R jet P, [GeV] Large-R jet mass [GeV]

Selected reconstruction-level observables, compared with pre-fit MC simulation with
Sherpa 2.2.1 used for the Z+jets samples: the left shows the inclusive-selection ee
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large-R jet p+ and”the 2-tag selection eelarge-/£ jet mass distributions. 37
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MC/Data

Large-R jet P, [GeV]

The differential cross-sections indicate 5|gn|f|@nt
mismodeling of QCD activity in the mclusw& o
event selection by MC models. -

The NLO Sherpa and LO MadGraph+ Pythia&
event generators predicting greater prand ...
azimuthal decorrelation in the Z+J system than
seen in the data. The large-R jet itself is g

dold

consequently biased to higher p; and mass valdes|

than in data, although to a lesser extent than the *
deviations in the Z+J-system observables — _

The NLO MadGraph5 aMC@NLO + Pythia&

model describes all distribution shapes wellz _.
with only a small overestimate of the inclusive
fiducial cross-section.
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Particle-level differential cross-sections in the inclusive event selection. In the legend, “MGaMC” refers to NLO configurations of the
NLO generator, and “MG” to LO MadGraﬁh bott] run |n conjunction with Pythia 8. All models are using the
“SRENS” réfer to the flavor-number scheme used. These are a signifi cant ba Y(ground to important Higgs-boson searches.
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A@ Phys.Rev.Lett. 125 (2020) 26 FORWARD PROTON SCATTERING: po—plyy—€*t-) p~’ JHEP 07 (2018) 153 CZ

‘‘‘‘‘‘‘‘‘‘‘ arXiv: 2009.14537 arXiv: 1803.04496
dThe observation of forward p scattering with 2 leptons (e*e /u*u~) produced via photon fusion
O The scattered proton is detected by the Forward Proton spectrometer while the €*¢~ are reconstructed by the central detector

O The 57 (123) ee (ux) data event candidates in the dilepton rapidity y,,~ 8%:\/1\'\'\ | " ArLas
= J\ e VS = 13 TeV, 14.6 fb "

6 =
vs 2, plane satisfying even selection and kinematic matching =" =~ TR A LA
O Proton-tagging techniques are introduced for X-section measurements > :_/ =2 “/\/\“ =
Operp 0= 11.0£ 2.6 (stat) = 1.2 (syst) £ 0.3 (lumi) fo ot e =
fld _ - :c. z " AFP acceptance _E
o = 7.2+ 1.6 (stat) £0.9 (syst) £ 0.2 (lumi) fbo _af se== aRone -
r CEE B umib P e
Tamwictiear X Ssury 0'333,,; (fb) Uﬂgﬁ; (fb) _8110 o ...1.(|)2 T ...1.(|)3 o ...1.(|)4
m, [GeV]

Seury = | 155+12 135+1.1 Q pp—p(yy—t ) p™ is observed with a significance exceeding 5o in

Squry Using Refs. [33,34] [TO9 208 9.4£0.7 both the e*e+p & p*p+p final states
r~ d These results demonstrate that the ATLAS Forward Proton
supercHIC4[97] &% 1224094 104+07  spectrometer performs well in high-luminosity data taking
S

T _ L .
Measurement % T0+20 70+18 O Proton tagg_mg IS introduced for cross-section measurements of
D photon fusion processes at the electroweak scale

O Compares X-sections with the combined HERWIG and LPAIR predictions assuming unit soft-survival factors S, =1

urv—
O Soft-survival effects are included using an my-dependent reweighting of these predictions to S, calculated for exclusive processes; LPAIR
predictions are additionally scaled down by 15% to account for S, being lower for single-dissociative processes. SUPERCHIC4

predictions include full kinematic dependence on S, for exclusive, single-, and double-dissociative processes.
29.11.2022 ICPPA2022 Yuri Kulchitsky, JINR 39




(<) Eur. Phys. J. C 82 (2022) 7, 608

ATLAS  arXiv: 2202.02218
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BEC PARAMETERS Vs MULTIPLICITY #2

JHEPO3 (2020) 014
arXiv: 1910.08815

CMS
Z

O The dependence of the .4(77z,,) on rescaled

multiplicity obtained from the exponential
fit of the A,(¢) correlation functions for
tracks with z>100 MeV and z>500
MeV at Vs=13 TeV for MB & HMT data.

The dependence of the A(77z,,) on 77z,,. The

1E ATLAS (5=13Tev £ 4;' _;
1:_ Ir” <25 —: 1 35:— %:H_#L. -- ------- _:
09 ER S H“ b ;

- . - o S ]
08F 1 2sF _. J}Q‘J"ﬂ% .
07k E £ $$$ ATLAS (s=13TeV ]

3 E : <25 ]
0.6F ] 15k . E
0.5F = - s MB,p_>100MeV — m, fit

; e ey — Bt (3 v HMT,p >100MeV -- Constfit
04 a Y Pr 3 C b o MB,p_>500MeV —§m, fit J-»

g 0 MB,p, >500 MeV —expoft ] OO | HM:I'pT >500MeV - Constfit 3
O‘SZ-I ' j. HMT p }SDUM .‘l-" L Ip L E UE | PR I T S T ’I:‘JT RS N R R T B I. |_ ‘-.

0 2 y ; 8 0 2 4 6 8
[7]<2.5 I7[<2.5
Meh = nen/{ng' ) M ()= Sdnaldnlyn) e

O The parameter A

fm

pr>100 MeV, =2.54%012

Q For 72,>3, the source radius # saturates at a value £=3.35"0-20 ;.

O Results indicate a direct dependence of R on the p; threshold
O The parameter 4(

m,,) is found to increase as azz,,%-32 for multiplicity up to 7z,~2:

fm

lower for the higher 2 threshold but increases slightly with multiplicity

o The behaviour of R is qualitatively similar.

o There is a clear difference in the results at low n,
Y. Kulchitsky, PCM

08.09.2021

m,,) decreases with multiplicity for the lower z; threshold and is o5 .'

uncertainties represent the sum in
quadrature of the statistical and
asymmetric systematic contributions.
~ee?
L T LA AU I R
4 P;% -]
250 A =
oF I ATLAS Vs=13TeV 1
- p, > 100 MeV -
1.5 ; -
- A MB,p_>100MeV - - \[ng fit
= v HMT, p > 100 MeV — Const fit
= o CMS, HCS method - \j_ fit
- — Const fit 3
D_I | ' ENENEEE EFEET I BT A i SR N A S S
0 50 100 150 200 250 300

n
Comparison with CMS for 2,>100 MeV"
and |7 < 2.4.
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fi EPacTa b 0oe) BONUS:: MEASUREMENT OF THE W BOSON MASS: 76 FROM SM PREDIGTION 1,0 (2052 805

" arXiv:1701.07240

CDF 11 Collaboration, High-precision measurement of the W [0 CDF Il measure the W boson mass, My, using data corresponding to 8.8 fb*
boson mass with the CDF detector, PoS ICHEP2022 (2022) 898 cgllected in proton-antiproton collisions at a 1.96 TeV with the CDF Il detector at the

o coars . aa SM . Fermilab Tevatron collider. A sample of approximately 4x10% W boson is used to
cor i soass 1 7o . obtain M,,,=80433.5+6.4(stat) +£6.9(syst) =80433.5+9.4 MeV. The W
DELPHI 80336 + 67 o bosons are identified using their decays to ev & uv and the mass is m_eaSl_Jred by
= 80270 + 55 . @ - fitting template distributions of transverse momentum and mass: ,, . — \/ZP’}P%U — cos Ad)
OPAL 80415 & 52 —— O A comparison with the SM expectation of M,,,=80357+6 MeV, treating the
ALEPH 80440 = 51 —_—
b sonre 4 o3 i quoted uncertainties as independent, yields a difference with a significance of /6.
ATLAS 80370 + 19 | 7 G The suggests are:
CDF i 80433 + 9 «—> > the improvements to the SM calculation or

?QQUIDI I éO(l)OIUI I -;“E;JZI!I()-IO-I I Elil[:|l|2(2i|0-I I 5;0!3()'0. I E.SDLIOIOI I EIiU'!EU'UI I > Of eXtenSIons to the SM

W boson mass (MeV/c?)

ATLAS ' "o my | O SM result includes the published estimates of the uncertainty (4 MeV) due to missing
;fﬁri} lif;':r::;w higher-order quantum corrections and the uncertainty (4 MeV) from other global
measurements used as input to the calculation

LEP Comb. . 80376+33 MeV . . L.

» ATLAS Collaboration, Measurement of the WW-boson mass in pp collisions
Tevatren Gome. @ SR MY at Vs =7 TeV with the ATLAS detector, EPJ C 78, 110 (2018), EPJ C 78, 898
LEP+Tevatron @-80385+15 MeV (2018), arXiv:1701.07240; A measurement of the mass of the W boson is
ATLAS N o6 ey presented based on proton—proton collision data recorded in 2011 at a 7 TeV with
o . the ATLAS detector at the LHC, and corresponding to 4.6 fb-! of integrated

luminosity. The selected data sample consists of 7.8x106 candidates in the W—uv

80320 802I-4D 80&60 BU:IBBD 80&00 80420 6 . .
m,, [MeV] channel and 5.9x10° candidates in the W—ev channel.

The ATLAS Collaboration has reported a measurement » ATLAS/CMS: statistic iIn Run-2 at 13 TeV 1s 139/137 fb!
M,,=80370%7 (Stat)£11(syst)+1(mod. syst)=80370£19 MeV Statistic is in 15 times higher than at CDG-{!



(5 CONCLUSIONS p.

dMany new SM results with the latest Run 2 dataset by the ATLAS and
the CMS Collaborations were published

dMeasurement SM processes cross sections over 15 orders of magnitude
JComparison of the measurement SM processes to theory predictions
dThe most precise measurement of the total cross section pp-interactions
JEvidence or Observation of rare processes

JObservation of the BEC radius saturation for very high multiplicity

JThe experiments are well prepared to SM possesses study in Run-3 and
beyond

List of the papers:

CMS Collaboration: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
ATLAS Collaboration: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

29.11.2022 ICPPA2022 Yuri Kulchitsky, JINR
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ent at the LHC, CER}
Data fécorded: 2015-May-2Q )9.2091
Event / LS: 2451 /,f.-r. 93/ 363
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L ATLAS CALORIMETERS

» Lar & TileCal >> Very stable performance » Good operation efficiency: ~100% for LAr & Tile
» Improved stability of new Tile power supplies » LAr using 4 sample readout to achieve 100 kHz

Min. bias trigger scintillators (MBTS) Tile barrel Tile extended barrel

* Fe-Scintillating
[ 1 T
* Cu-LAr 1le structure
structure aiinlecl 7

1.5< /<32

I_; LAr hadronic \ w | Al s
end-cap (HEC) —T, N7, ”‘W“ “ V4 Neutrino)
LAr electromagnetic - I
end-cap (EMEC) : - A7 i)
NNN- 8y & / 4 ', ¥ | » Cu/W-LAr
* Pb-LAr N e, . structure
accordion NS R e U *32<n <49
: ' e .
o In[<2.5 / <
| [Ar electromagnetic .
barrel
(LAr: Liquid Argon) Ty - VY T piseT 2R 1 EYDEDIMENT

hitp://atlas.ch
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CAR)
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DIRECT PHOTON/ELECTOR RECONSTRUCTION

Search for seed energy clusters in the EM calorimeter with significant energy
For [n|<2.5 EM LAr calorimeter is divided into 3 layers in depth, which are
finely segmented in 77and ¢&; a thin LAr presampler layer covering [n|<1.8;
Form a cluster from cells in a rectangular region AnxA@=0.125x%0.1715 Zound
seed ®
Selected in barrel |#?|<1.475 & two end-cap 1.375<|#?|<3.2;
Photon identification: classify as electron, photon, or converted photon |
matching cluster with tracks; use lateral and longitudinal energy profiles
of the photon/electron electromagnetic shower

Calorimeter isolation in region AR, >0.4 around photon with
requirement E;5°<0.05 x p”

'N,_. one cell

Layer

Cluster

In the middle

(0.025x0.025)

| I T ST 0 SO JU— 29270

Converted and unconverted y-s are calibrated separately use the
tracking information to correct the Calorimeter response for
upstream energy losses and leakage

- \s=8 TeV, 4.58 pb'-20.2 fb’!
_ATLAS —Ijjj:

Fraction of y

Photon Purity

0.8

Calculate energy and direction: photon energy a weighted sum of ~55% Fhoton=Heayy Hlavour det]

0.6{—

layer energies, with corrections for detector effects " 1
Corrected for pileup using jet area method

Use 2D-sidebands for remaining background
Remove hadron and t background

No leakage correction
0.4 ==

HHEEE With leakage correction

TII]'T

0.2

I
[e))]

lIlll

llllll

| I A |

L L 1 1 1 1 1 I 1 1
30 40 50 60 7080 100 200 300

Smalelectrorrbackground removed using MC  vuri Kulchitsky, JINR E [GeV
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PRD 54 (1996) 6680

— electroweak Zjj =+ strong Zjj
100 &{"'W""W
BG <
';' i : \ = BG \\ \V) -
Oyl \\ E '
O | \ E . 08 ° ]
™~ | ] < I \ :
fo [ ] & | v\ Signal
(- <]
— 107 4 T | N
= : ] \E}‘ 0.4 \ —
g ' \ 9t \
-3 L _ I
Q 0 i o [Theminimal
,.g - [The dijet mass . > o2 pseudorapidity |
1o-4 Ldistribution of the "\ _ “|separation Ay,
E two tagging jets \ 3 | between any leptons.
i N L & tagging jets '\
1[}_5 | - | L1 i 1 I [ I 1 \I. 1 ﬂ.n' I I — I 11 1 | J | - J\Jl“'l =l
0 2000 4000 6000 8000 0 1 2 3 4
m;; [GeV] Any,

1 No colour connection between scattering quarks leads to characteristic

signature

¥
3

1/o do/dn

ELECTROWEAK PP Z(—LL)y JJ +X & PP— Z(—wv)y JJ +X PRODUCTION #2
Experimental Signature

.10

D_BG [ T 'I T T T L I T T T T I W w m T 'I' T T L W I m
- (a) PP — ZjiiX
0.25 [—
B QCD blkgd
0.20 [— -~
C . .
N ” .
- r e
0.15 |— . N

Q.05

I"IIIIIIIIIII|IIII|IIII|IIII

Tz — Tla—7T]

Characteristics of the third - soft jet in Z;

i Signal

 Additional activity in the event measured relative to centre of “tagging (solid) and background (dashed) events at the LHC.

jets”: yx = (v +2) 12

IcPpAZEb T Y12

{x = , Cx = exp

29.11.2022

_4[

nx — (mj1 + nj2) /2

i = M2y

2
1thy, JINR

The pseudorapidity n;* is measured with respect to the
center of the two tagging jets, <n> = (n;"9* +n;'292)/2,
and the distributions are normalized to unit area. 47



JHEP 11 (2021) 169
arXiv:2107.09330 [hep-ex]
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» Good agreement is generally found with the predictions at the highest theoretical precision.

» Only the merged approach with multi-leg matrix elements at NLO, as implemented by

Sherpa, and a fixed-order NNLO calculation, as implemented by Nnlojet, give a
satisfactory description of the data.

29.11.2022 ICPPA2022

Yuri Kulchitsky, JINR
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) arxiv22s124ihepe]  COMBINATION OF THE ATLAS MEASUREMENTS

MR EurPhys.J.C 82 (2022) 105

d The combination of EW Z(— w)yjj (£77>150 GeV) & (15<£77<110 GeV) production yields an observed

(expected) signal significance of 6.30 (6.60)
O Limits on anomalous Quartic Gauge Couplings (aQGC) are obtained in the framework of Effective Field Theory

(EFT) with dimension-8 operators

T H S B B
—e— Data Z(vV)yii EWK

E ATLAS B Z(vV)yii QCD W(lv)yii QCD §
. - - - 3 1 W(lv)yij EWK Wi(ev)jj, tjj, ttjj
The effect of new physics introduced by aQGCs can be realised using ~ '*gVs=13Tev, 139 =g]fu””” =
an EFT Iinearly parameterised by an effective Lagrangian: . i TN ARy 7 Uncerainy
L = £5M+Z “Lo, +Z =L 9; where O, & O, are dimension-6 or =

dlmen5|on 8 operators induced by integrating ol
the new degrees of freedom while ¢; & /; represent the numerical coefficients
that are meant to be derivable from a more complete high-energy theory. The A
term is a mass-dimension parameter associated with the energy scale of the o
new degrees of freedom that have been integrated out.

III|,|,| III\II|,|,| IIHHIIl \IIHIIIl

N

O Having found no significant deviations from SM predictions, the A A
data are used to set limits on anomalous Quartic Gauge Couplings — osg " ==~

-
T

Data/Pred.

 The limits are set on Effective Field Theory dimension-8 operators oz e EE I
(fr o/AA'; fr 5/A4, fr 8/A4, fr 9/A4, fMo/A4, fMl/A4 & sz/A4) The £ distribution in the SR after the fit in
O These constraints are either competitive with or more stringent the CRs. The red (green) line shows the
than those previously published by CMS expected number of events in the case of non-

zero EFT coefficient fr /A% (f 0/ A?) , values

29.11.2022 ICPPA2022 Yuri Kulchitsky, JINR .
shown in the legend. 49



Phys. Rev. Lett. 129 (2022) 6, 061803
ATLAS  arXiv:2201.13045, ATLAS-CONF-2021-039

Observed (expected) significances and measured signal strengths

OBSERVATION OF PP WiWWW+X PRODUCTION #3

T : ntv o7
for the individual and combined channels D e 2o/ 4]
Fit Observed (expected) significances [o] | u(WWW) F;rf'“‘1“‘:‘1I‘E“I’fli;“backgm““d modeling 2”;
Jets and ET :
o 23(14) 1692079 | MC statistics 2.8
+ + epton 2.1
€ U 4.6 (31) 1.57 £0.40 Luminosity 1.9
)uiﬂi 5.6 (28) 2.13+0.47 Si_g;nal l‘IllDdEliI_IE_; 1.5
Pile-up modeling 0.9
2L 6.9 (41) 1.80 £ 0.33 Total systematic uncertainty 0.5
Data statistics 11.2
35_ 4.8 (37) 1.33+£0.39 W Z normalizations 3.3
Combined 80(5.4) 1.66 + 0.28 Total statistical uncertainty 11.6

dMeasured signal strength,
overall & in individual channels 3 The measured cross section, extrapolated to the total phase space, is:

L Background-only hypothesis
rejected with 8.0c, where 5.4¢
are expected

calculated at NLO QCD and LO electroweak accuracy

29.11.2022 ICPPA2022

Yuri Kulchitsky, JINR

6\t = 820 + 100 (stat) + 80 (syst) fb
approximately 2.66 from the predicted cross section of

50



) ariv:2208, 12355CROSS‘SECTION PP Z(—ete, du)+ LARGE-RADIUS JET+X #3

s Lar e-/? » T Data —0Q # Jo" ...=(0.62+0.12)% @603 0 ATLAS The 2-tag regioh was defined as a|
9 9 J pT — Sherpa 2.2.10 5F 1 ™ her/”m ISher_(O 59+0.39)% & I F E 2.tag region subset of inclusive with requirings
2 ,,L -- Sherpa 2.2.1 5F o2 tag a"‘C' (O 5440 21)% QO Z r s=13Tey “thelarge-R jet contains exactly
3 10t e -- Sherpa2.2.104F MG T | 361 two b-tagged subjets” i
2 F -~ Sherpa 2.2.10 fusing 4 The 2- tag selection: there is good shape 7
3 T“'Ir_ T - Hggmgiggg%ﬁ EF 1 agreement between the data &_MC_modeﬁ - 3
I = Stat+sys unc. 14 The strongest feature observed in this event-
10° - lmm o . ﬁ_t %ata ‘ﬂ g g‘;gselection region is in normalization, with .
- e Isherpa™ : sl o Data -
T s, =14.4+1)0 pMOdels using four-flavor number scheme "¢ * Sherpa 2.2.10 5F e E
s CELETTE 1 (4FNS, b-absent in PDF) approach i ---gﬂerpa %.5.105‘5': . .
P PR : - - == Sherpa 2.2. T
0 ATLAS = significantly underestimating the rate of /72N Sherga 2910 fusing 1
- 2-tag region . 7 boosted-jet production 00— mgamggyg%ﬁ EF -
13 TeV vl - F -~ MGaMC+Py8. B
I 3‘;.1 o LELELTEEEEE d Fl_ve-four-flavor number scheme (SFNS,  E = stat+sys unc. L.
ol O LT -1 with b) approaches with modern tools do i D
o - : : ——————1—3 much better (Sherpa 2.2.10 &
S 4sE . MadGraph5_aMC@NLO) providing § 2f
8 £ -------e--eoeeea3gccUrate predictions for the 2-tag cross- 81 5F
= 05' e Loy manassaen TLLELLILILLS { section and the ratio of 2-tag to inclusive2 1f————e |
' -'-'23---."“"-'-'-'-'-'-'-_---.--.--.----3 O This results is important for future use of g5 -'—'-'—'-=-‘—‘-'-'-=-'—'-'—'-=“"“""-'-'-'=1-_-_-_-_
A 4102 5102 _ 1(033 v MC-derived large-/# jet flavor composition 0 % 405060 12 o
Large-R jet p, [GeV] i studies of the ¥A(&4 ) process Large-R jet mass [GeV]

Particle-level differential cross-sections in the 2-tag event selection. In the legend, “MGaMC” refers to NLO configurations of
the MadGraphs. aMC@NLO generator, and “MG” to LQ %?thirﬂﬁ’ph both run in conjunction with Pythia 8. All models are

uri

using the “4/5FNS” refer to the flavor-number scheme used. 51



() HEP2@RY 131 g A RK FRAGMENTATION PROPERTIES IN JETS: IN THE DECAY 8 JAvK— 'y~ K

ATEAS  arXiv:2108.11650

O The fragmentation of heavy quarks is a crucial aspect of QCD. 3 rEanase nto sen wgan 17T § T aras oo et g T
Detailed studies and precision measurements of the heavy-quark S refesr<=<os s 3 5 s cous ;34
- . . = EZAB — Jiw 3 = ZAB" — Jiy ]
fragmentation properties allow a deeper understanding of QCD S El
[ The fragmentation properties of jets containing b-hadrons are i e/ NN .
studied using decay B*—dJ/y K* in pp collisions, with Jiyp —g'pe= ¢ —_—
O The measurement determines the longitudinal and transverse ; 4?‘ pinliet bbb S é ' 7

momentum profiles of the reconstructed B hadrons with respect to _ c | Moo _ Mo (o)
the axes of the jets to which they are geometrically associated. Fits to the invariant mass distributions of B* candidates for 0.37<z< 0.44

. . . . : __I 0 |S':' T ; i |_" L A B |__ %‘ FT 15':' T |e N |_1' L B |£
This analysis provides key measurements which help to better = "pamas B = m=e 1 8 e e E
understand the fragmentation functions of heavy quarks: 1= ¢ Ddaalogs) e peMonsspeeson) | Ty [ e Daasiatosys) 4 P Monashs peteson)

} . ) ) 0 g:_ —5— P8 (A14-b +L-B) —m— Herw@g 7 (ahg_ ord.) _: - ; —5— P8 (A_14-rb_+ L-B) —=— Herwig 7 (ang. ord.) ;
> Significant differences among different MC models are i e Seane of To Shepatune) : =
B & Sherpa (cluster R - —©— Sherpa (cluster - B

observed, and also between the models and the data. o ST 4 T E

» Some of the discrepancies are understood to arise from poor 0Tt T + - - —— :
. p —_ .. . p E ﬁB'ﬁj _ E 1:_ g— rel _ |ﬁBxﬁJ| _:
modelling of the g — bb  splittings, to which the present =R u E b SNETE

analysis has substantial sensitivity. P =Py . s E o

o TE. rrrrers e ST T =
> Including the present measurements in a future tune of the MC g ossg oup  E
- - 09 09 v
predictions may help ' R e ——— —
- — - ST S e e——— .. | —
o to improve the description and reduce the theoretical g oof ™= F—5— s ] g yTEEEEEE :
- . 0.8F. ) ) ) ) ) 3 07E, . . X — . .
uncertainties of processes where heavy-flavour quarks a @ w0 o w W W
present in the final state, such as top quark pair Average values ot the longitudinal protile <z> and ot

production’or Higgs boson decays into heavy quark pairs™ """ the transverse profile <z,"'> as a function of the z J¢ts;



Sk S 2T BOSE-EINSTEIN CORRELATIONS AT 13 TEY #1

Correlations in phase space between two identical bosons from symmetry of wave functions.
» Enhances likelihood of two particles close in phase space

» Allows one to ‘probe’ the source of the bosons In size and shape
» Dependence on particle multiplicity and transverse momentum probes™=

“HBT method

the production mechanism R
Correlation function C,(Q) a ratio of probabilities: : 1-6‘1 N ermzs T
15 n,, = 231 - 300 =

/>QE ﬂ, RQ)= /fte_RQ /11\’%* . ::'goiiogo[;m] i 22:;?::sian fit —é

C,(Q)= AR, P,) =C, (1+Q(Z:R\Q)@ L 212 13:*' e Exponential fit _
Po( Py, P;) —Q° (4,RQ)=2e" E 1.2:— E

C, is a normalisation, € accounts for long range effects, R is the Q%=—(p,—p )2 1_13_ E
effective radius parameter of the source, A is the strength of b N e
the effect parameter, 0/1 for coherent/chaotic source. E oo e+ excude i
Two possible parameterisation: Gaussian and Exponential. - A S EANananes s anananas e
N (Q) Nyer without BEC effe_ct from: unlike-charge N 6‘2‘ N c-»:ifﬂ;g"@9"-;0"5%0-53;

C2 (Q) — | particles (UCP), opposite hemispheres, event mixing. :_.O.O.-----------------6?.0.06591-% --.Qf--ﬂ-gf
N refé(’Q)/ Basic Reference: distribution of UCP pairs of non- ~ ‘20- s b 1_.2‘3 TR TE

identical particle taken from the same event. Q[GeV]

Trg— ] ] ] _ . .
C bata A ) _ The studies are carried out using the double ratio correlation function. The R,(Q
>(Q) pE-) 9 2
R,(Q)= C’(Q) = PLE (++,__/ eliminates problems with energy-momentum conservation, topology, resonances, hadronic
MC
P (+-)

09.06.2021 jets, mini-jets etc. MC without BEC. 53
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( I-(T ) [GeV]

ATLAS arXiv: 2202.02218
-~ UL B R —_
i Ef 'ATLAS (s=13Tev] E
S e.% n<25n 22 ]
0.8 — . "?.:. o
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02, B, p_>500 MeV - Expo fit T i
) HMT p }5(}0 MeV - Exp(} fit 7
-I L L 1 I 1 1 1 L I 1 L 'l I Il L L I 1 Il I-
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BEC PARAMETERS YS MULTIPLICITY #3

JHEPO3 (2020) 014
arXiv: 1910.08815

§ ATLAS Vs =13 Tev g ATLAS: The k; dependence of the
45_ + nl<25n 227 correlation strength, A(k+), and the
38 Tty %u_,_ 7 source radius, R(k;), obtained from
3 | R 3 the exponential fit to the R,(Q)
25 9 correlation functions for events with
2= 4 multiplicity ny, > 2 and transfer
156, g, p_>100 MeV — Expo ft 4 momentum of tracks with p+>100
M. b L 500 Moy .. Exoo it 4 MeV and py>500 MeV at 13 TeV for
0.5F-C HMTTp > 500 MeV - - Expo fit 4 the minimum-bias (MB) and high-
Sy R A multiplicity track (HMT) events. The
k; [Gev] UNcertainties represent the sum in
sCMS______ Pp(13Tev) quadrature of the statistical &
F pr> 200 MeV H{;thrg“'t'p"ﬂ'w { systematic contributions. The curves
aF Inj<2.4 o HCS 1 represent the exponential fits to A(k+)
- ¢ PR 1 and R(k+).
= 3b d b A ]
= | % |§| ] CMS: Results for R, and A from the
o 2f — 1 three methods as a function of k. In
i L] [@] {the lower plots, statistical &
1 e« cs - systematic uncertainties are shown as
S EES {error bars and open boxes, respectively
827063 02 05 06 07
(k. )I[GeV] 54



§0) atLeHvspus.2021.02 COMBINED EFT INTERPRETATION OF WW, WZ, 4L & ZJJ PRODUCTION
Wilson coefficients of the Standard Model Effective Field Theory (SM EFT) are constrained in a combined fit of differential

cross-section measurements of the productions: WW & WZ in leptonic final states, 4 charged leptons, a leptonically decaying Z
boson in vector-boson-fusion topology. No significant deviations from the SM expectation are found .

Q Interpretation of multiboson measurements in the SMEFT “ ¢ 6 c’ ©
0 Expansion of SM Lagrangian in increasing powers of inverse scale of [£smerr ~ Lgy; + Z FO" + Z Foj
new physics, 1/A :

1 Leading SMEFT effect expected from interference of dim-6 operators with SM:

c\® (f:(.ﬁ:')2 2 cl®c©

( , (6) .( )

o o | Mswsrr = IMoul” + 37 - 2Re (MO My ) [#[3 2= |MEO |37 7 2Re (M7 M)
Linear model Quadratic terms Cross terms

O Quadratic term at the same order, O(A™), as SM + dim-8 interference
O Focus on operators at dim-6: 33 CP-even operators studied, assuming flavour symmetry and neglecting Higgs

Combination of several multiboson measurements O Measurements with high precision and small background
> pp — WW — evuv: Eur. Phys. J. C 79 (2019) 884 using 36 fb contributions

> pp — WZ — lII’v:  Eur. Phys. J. C 79 (2019) 535 using 36 fo-t 1 Sensitive to a large number of dim-6 operators affecting

> pp — 41— < rr:  JHEP 07 (2021) 005 using 139 fb1 3 gauge-boson self-couplings
> pp — Zjj — ljj:  Eur. Phys. J. C 81 (2021) 163 using 139 fb! d couplings_of gauge_bosons and fermions
O Higgs-boson production kinematically suppressed: J four-fermion couplings

O see ATLAS-CONF-2020-053 for dedicated EFT study
O see ATL-PHYS-PUB-2021-010 for a H'WW= and WW combination 29



£ C@MB[NED EFT [NTERPRETAT[@N @F W MZ 4L & ZJJ PR@DUCTI@N

; ———— . 10p
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Measured differential cross-sections compared to the SM theory predictions used in this analysis. The p 'eadlep.

In WM production, the WZtransverse mass in #.Z production, the invariant mass of the secondary lepton pair in the

three 4¢ analysis regions, the signed azimuthal angle between the two jets in Z+jets production with a VBF topology.
56



"@“ ati-pHvs-pus-2021-022 COMBINED EFT INTERPRE

L ATLAS Preliminary Vs=13TeV, 36-139 b ~#- Lin, individual
== —&— Lin, profiled
[ A=1TeV —— Lin+quad, indiv
S 05 - —*— Lin+quad, prof
= L
> : i * .
E -
P Mt | -
0 | ]
LT T
m =
O
B —68% CL
_05
- — 95% CL
- (3) (0] (1] (2] (0] 0]
ae Gy Ca  Cwi  Cwr  Cwr  Co Oy
Cor = 0.81C,, +0.38,0 + 0.13¢,, +0.37¢;, - 0.14c, +0.12c,,) Oy = ~037¢, +0.89¢,, - 0.11c,, - 021c,, - 0.13¢,,
¢y =0.73c,, - 0.28¢,, - 0.48c,,_+0.38¢c, +0.13c, cha=011cl +0.22c( +0.95c, ~0.2cy,

Chp = 0370, +0.17¢,5 - 031, ~0.53c;, + 0.25c,,_ +0.59¢; - 0.21c,,

TATION OF WW, WZ, 4L & ZJJ PRODUCTION
20

— ATLAS Preliminary ys=13TeV, 36-139fb" —* Lin, individual =—=68% CL 3
= —&—Lin, profiled —95%CL -
- A=1TeV , o -
10— —— Lin+quad, indiv —
[ - —¥— Lin+quad, prof -
S 5 q P =
s [ -
2 oF | . -
E 0F T — - ¥ -
@ = " -
5 51 + =
g [ -
a - -
—10 -
~15F —
= 03] 4] 5] 6] iy 11l 12l 03] .
20 Cyr  Cyg  Cur  Cug Vit 22 Caqp Coqn
¢l =—0.19c, - 014y + 0.86c],) +041c,, —0.17c,, e —0.28c,,5 + 0710,y - 0.31cy ~0.21c - 0.5c, - 0.14c
Cyr =~ 0.35C,,0 + 0,49, + 0.26c(; +0.35¢], + 0.51c,, +0.38¢;” + 0.18¢], Cho = 0560, +0.44c, + 0.61c,, - 0.1c,, +0.34c,,
¢y = 0250, +033c)y - 0.2, +0.18¢,, ~0.35¢, - 03¢}, + 0.71¢,, = 0.16c,,, iy =068, +0.15¢, +0.33¢c,, - 0.51¢,, +0.13c,, - 0.37¢,,
el = - 0.22¢y + 0.52¢3 - 0.39c,,, + 0.44¢]" - 0.22¢) + 0.52c,,, Chy = —0.27cy) + 0.79c,, - 0.30¢,, + 0.26c,,, - 0.22c,4 - 0.16c,,

Confidence intervals for the 15 parameters included in the combined maximum likelihood fit. Results are

quoted both for fits linear in the parameters and for fits that take into account also quadratic contributions. The B

first case corresponds to a model in which only the J(A4~2) contributions to the cross-section prediction, the
interference between SM and dimension-six operators, is included. The latter case also includes quadratic
dimension-six contributions, which are part of the J(A4~%) contributions. Comparisons of the two results can be
used to estimate uncertainties due to the truncation of the EFT expansion.

O Limits set at 95% confidence level, both for the “linear” and “linear plus quadratic”” models
O Fits of.dndividual,cosfficients, as well as combined fit . ichicsi, g
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£ eucrhys o ceomsas PARTON DISTRIBUTION FUNCTIONS AT VS =7, 8, 18 TEV

dAn analysis at NNLO order in the theory of QCD for the determination of a new set of parton
distribution functions (PDF) using diverse measurements in pp collisions at Vs = 7, 8 and 13
TeV, performed by the ATLAS at the LHC, together with deep inelastic scattering data from ep
collisions at the HERA.

dThe ATLAS data sets considered are differential cross-section measurements of inclusive #*
and 2/ = boson production, /#* and 2 boson production in association with jets,
production, inclusive jet production and direct photon production. The resulting set of PDF is
called ATLASpdf21.

> It Is observed that the addition of the ATLAS data sets to the HERA data brings the PDFs
much closer to the global PDFs of MSHT, CT and NNPDF than to HERAPDF2.0.

» The ATLASpdf21 PDFs agree with these global fits as well as they agree with each other.

» Thus, ATLAS data seem to be able to replicate many of the features that the fixed-target deep
Inelastic scattering and Drell-Yan data plus the Tevatron Drell-Yan data bring to the global
PDFs.

» Using only the HERA and ATLAS data allows a detailed treatment of correlated systematic
uncertainties.

29.11.2022 ICPPA2022 Yuri Kulchitsky, JINR 58



