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CMS and ATLAS at the LHC

LHC ran at Vs = 13 TeV from 2015-2018 in
PP ol pp and heavy ion collisions
wi [ ;_;I . (Run 2)
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Extremely successful Run 2
—dataset is a goldmine for physics
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Why Standard Model Physics?

+ Standard Model (SM): extremely predictive theory successfully
verified by experiments for about 50 years

+ After the Higgs boson discovery, SM measurements has two main goals:
+ validate SM in new energy regime and improve precision of SM parameters

+ test SM for new physics contributions (indirect search) and provide
information about SM processes to tune MC (background to direct new
physics searches)

This talk: results on Standard Model physics by CMS and ATLAS focusing on

» High precision measurements

» Rare processes
» SM as probe for new physics

A selection of measurements is presented. Links with complete list of public results: CMS ATLAS

A~ %S
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/CMS/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic

Results on SM physics by CMS and ATLAS

~ + Wide variety of measurements of (differential) production processes, spanning 14 orders of magnitude
+ Check theory calculations — deviations may indicate new physics, EFT interpretation

Standard Model Production Cross Section Measurements Status: July 2021
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13 TeV, &= 138 b |

Measurement of Z invisible width (Finv)

o(Z+ jets) - BR(Z —- ww) 1(Z — w)
+ Goal: measure R = . =
o(Z + jets) - BR(Z — lI) ['(Z - 1]

+ Simultaneous fit to data regions with Z—vv and Z— 22 decays

and convert into iy

+ Z—wv events selected in the ptMiss>200 GeV region [Ninv = 523 + 3 (stat.) £ 16 (syst.) MeV
CMS Prelimipary 963 fb~' (13 Tev) CMS Preliminary _ 36.3 fb—' (13 TeV)
10° P%ﬁss +jets [ uu +jets | [ ee + jets 7 _I__ Data : | | | | E
o L_1 SM prefit - 1 i
"é SM pOStﬁt ALEPH — | ® | — 450 + 48 MeV
2 107 = = - als — Z(—wv)+] ; :
3 W(—=1lv) +]j L3 —e— — 498 4+ 17 MeV
| | | | Minor - -
—— g T QCD multijet d | -
o 125 | | | | Z /7 (= 1) + ] OPAL ——e— ]539£31 MeV
= 1.00 - - S A :
m 075 E_1 T R N A a -
TCQ 3 e v o LN E ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ E
S O1R% e e e — CMS | ® - 523 + 16 MeV
. v — 1 @6 o® ®© o — — pl — .
8 3 e . e — : . . o, - -
m [ T AN T Y T T [ T A T Y T T ' [ I I T T TR T N T T
500 1000 500 1000 500 1000 400 450 500 550 600
prTmss (GeV) I'inw [MeV]
+ Major background from W+jets and QCD, estimated using = First Nnv measurement at hadron colliders!
data-driven = Single most precise direct measurement of
B |+ Contribution from y*—£0 and Z/y” interference is evaluated Finv, competitive with LEP combination 2
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https://cds.cern.ch/record/2775364/files/SMP-18-014-pas.pdf

Z+jets at high pr production

+ Z(—ee, uu) + jets with pr>100 GeV Z

9. Back-to-back ~Z
+ Probing for real Z emission as FSR from a quark :
Collinear q
+ Measure cross section in more extreme phase space: &
collinear and back-to-back jet emission, high prt or high sum pr
.. L s q q ?
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= Measurements of main production modes in different

H—40 Production

13 TeV, Z = 138 tb |

% = 139 fb~

Eur. Phys. J. C 81 (2021) 488  Eur. Phys. J. C 80 (2020) 942, Eur. Phys. J. C 80 (2020) 957

"+ Golden channel: fully reconstruct decay kinematics " low BR but very clean final state
+ NEW: Full Run 2 statistics, improvements in lepton reconstruction and better understanding of main ZZ* bkg

kinematic regions in the STXS framework
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o — N w

CMS
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= Fiducial inclusive cross sections
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://arxiv.org/abs/2103.04956

13 TeV, =138 b1 &

CMS-HIG-20-01\5

- 4+ Higgs coupling to third generation of fermions: BR(H— r7) ~6%, largest among all leptonic decays
+ 4 final states: thadthad, €7had, U7had, €U "® very challenging due to the high number of neutrinos

H— 77 production

+ Main Z— 7t background estimated with Z— ££ data events with

: . : ; . lef Y ntl I —H- VvV H N n H
simulation-based corrections to kinematics * erential o(pp—~H-:7) VS PT", Njets and pr
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https://cds.cern.ch/record/2779179/files/ATLAS-CONF-2021-044.pdf
https://cds.cern.ch/record/2776742/files/CMS-HIG-20-015-arXiv.pdf

Rare processes




13 TeV, £= 138 fb1|
Phys. Rev. Lett. 125 (2020) 151802

Observation of VVV production

+ Exploiting fully leptonic final states

+ Different signal regions (SR) according to the number of
leptons and the lepton flavour

CMS 137 tb™" (13 TeV)
TGC e BDT total | stat
Combined N~ o * Sequential-cut 4oy «02015021 | _.
+ Measure of the combined production of four VVV modes: E E 3
WWW, WWZ, WZZ, Z2ZZ WWW —— 145 *045/+032 g
g " e Wwz | | —e 0.86 *3%0% | |
- . : : 1.92|+1.78 »
- | —.— +1. +1.
S 045 — |, The production xs Wzz | ' n 2.24 125(-1.24
O - Olep n : :
Q ~0.35 pb decreases with the 277 . Allowed <54 |
" number of Z! | |
@ 030 - — Olep T R R R SR BN B
S 1 lep 0 1 2 3 4 5 6
O S XSmeasured
S ignal strength p = ——
> 015 i N 1Iep W— _ _ _ xS
> 2 lep OS O-Iep 0,04 pb = Observation of the combined production of three
oo e b lep Qjep massive gauge boson!

WWW  WWzZ  WZZ LL7 = Cross section (xs) compatible with SM i}
11

A. Cappati and C. Vittori 107 Congresso Nazionale SIF


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.151802
http://www.apple.com/it/

13 TeV, Z= 139 1b Gaiiad l
ATLAS-CONF-2021-039

Observation of WWW production

W radiation
from fermion

WV (V=W,2/Y,H) associated production 4+ Channels: W=W:=W= — infiqu’ with £=e, U

W — 0=vPEvl+y

> VAN q
Y W ' .
w  # Main background:
AN ] ] ]
| ; WZ—-2ve0 estimated with control regions
T v + Signal extracted with BDTs for both channels
ﬂ _III||IIII|IIII|IIII|IIII|IIII|IIII|IIII|I|II|IIII_ 2 :IIII|IIII|IIII|IIII|III||IIII|IIIl|IIII|IIII|IIII:
c r - 1 € 45 -
., O - ATLAS Preliminary ¢ Data  [JWWW(u=1.66) @ - ATLAS Preliminary o Data  [JWWW(u=1.66)7
Wi(e™) WH(e™v) W(u™v) 0 20 s=13Tev, 139" @Wz  @Non-prompt | 1L 4oF Vs =13TeV, 139 10" EWCZOW %gﬁg;pg?mpt E
candidate event - SR pfu* B Other 7ZUncertainty ] - SR 3l .z)ther ' %Uncegrtain’gl ]
100} Post-Fit --- Pre-Fit Bkgd. — 35— Post-Fit --- Pre-Fit Bkgd. —
| : 30_ ]
O s B -
2% - 25— =
B T + i %
60 Ut ] 20:. ........... —
L & ) : ’ :
40_ _ ] 15: ¢ Z
[ i 10 - * =
20 - ]
5:— —
S 1.4[F 1 © 14F .
ATLAS X RNV & 1 -‘
o 1zf//%ﬁ/ﬁ///yz///%///&/*//?4// 55 W I e //////////{/////////‘
EXPERIMENT 0.8F - 0.8F -
Run: 349169 % 0_6_— . . . . . . . . . - % 0_6_— . + . + . . . . . —
S e e e QO o0 0102 03 04 05 06 07 08 09 1 O 0 01 02 03 04 05 06 07 08 09 1

21 BDT output 3l BDT output

= First WWW observation with significance:

8.20 obs. (5.40 exp.), u = 1.66 + 0.28. o(pp— W=W=W=) =850 + 100 (stai.) + 80 (syst) fb
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4 top production

13 TeV, £ = 139 fb1 (]

arXiv:2106.1168

Q
Q‘an 5

+ Rare process (csm=12.0+2.4 fb) sensitive to top coupling
with the Higgs (Yukawa), with BSM particles and with leptons in

the EFT framework
BOO0000 > ¢

A

g ‘ t_
>

A

‘0000000 < £

+ BR(t—Wb)~1: different
signhatures based on W decay

+ 13% 2LSS or =3L
Eur. Phys. J. C 80 (2020) 1085

+ 57% 1L or 2LOS

+ Categorise events on number of (b-)jets

+ Largest background from ttbar+(b-)jets

+ Build BDT in signal region (SR) to discriminate S/B
+ Fitin 21 regions (SR/CRs) to extract signal

strength u

combined—p HtttcoMe- = 2.0 + 0.4 (stat)*0-7.9.5 (syst)

otticoMb- = 24 + 4 (stat)+54 (syst) fb

ott112L0S = 26 + 8 (stat)+15.13 (syst) fb ATLAS (s =13 TeV, 139 fb™
LI I B I AL I IR B IR I
g wiamas | vom - — to. i
0 = {5 =13 TeV, 139 fb" signal (u=1.0) . stat. Tot. (Stat., S .
: : . - : ., Syst. ) Obs. Sig.
= Consistent with SM [ PostFL Wooral (22 -
predictions . 7//Bkg. Unc - 1L2L0S | F——e —.@112 (%07 o) 113 J
Bl i .Uo eXp:
- < a: J _ = compatible
= Dominant uncertainties s e son oMb
frOm signal and tt+ - i 2LSS/3L F o =i 2.0 o5 (o4 » 04 ) 4.3 o with SM (<20-)
- . 10°E = N
(b-)jets modelling and : s — to explore
= = i | +0.8 +0.4  +0.7 N Run 3
normalisation L Combined i 20 08 (04 Ty 470
g 105 sgniGetoesa ] o 260 expl
5 120 comll=22Bo —+ o 1 2 3 4 5 6 7 8 9 10
CDB 1pr e W : SM
25 5 15 _1 05 Best-fit p = Gtm/ G <
log, (S/B) (/\
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://arxiv.org/pdf/2007.14858.pdf

EWK tZq production 13 TeV, £= 138 fb|

CMS-PAS-TOP-20-010
~ 4+ Rare process sensitive to ttZ, WWZ coupling, top polarisation, proton PDFs

+ 30 += 2 jets (=1 b-jet) selection Z b— > t

+ data-driven non-prompt lepton N » A’:’f t w , *Top spin asymmetry
background W§ t W A = 0.58+0-15 3 15 (stat) = 0.06 (syst) fb

*+ NNand BDTs to discriminate S/B g _, > q q— »— 4" = Polarisation angle fit at parton level

= Compatible with 4/5FNS predictions

: _ 75 7.3
FInclusive oizq  otzq = 87.9+75.7.3 (stat) +7-3.6.0 (syst) fb *First parton and particle differential 51z measurements!

CMS ﬁ@/{@lnla(yll 138 fbo (13 Tev) = Good agreement between data and 4/5FNS prediction
""""""""""""""""""""""""""""""""" U e Measurement tot unc. 11%! e ABBTA3TO) o 13817(13TeY)
tZq (inclusive)E 1 | Stét. E ) 1:_ CMS Preliminary i Measurement - E ) 007:_ CMS Preliminary i Measurement -
= .20 : S T 42 aMC@NLO, 4FS { = %2 aMC@NLO, 4FS ]
---------------------------------------------------------------------------------------------------------- TOt&' 30 /o mor.e preCIse — O_OSNN \\\aMC@NLO 5FS _— S 0.006— &S&MC@NLO, 5FS —E
tZq (£) . than previous meas. Y 2 \\\\\\\N p¥s = 80.8% : %— 00055 ! piFs = 81.0% _;
- larger dataset, larger S 0067 T Tz pre-eoen | 8 0004 { S = 83.1%
..................................................... fidUCial Space’ MVA’ 004__ 1 _: E 00033_ _f
tZq (£7) constrain non-prompt ! _\*\_\\_\\\_;‘5\_\\_\\_\*; " 00020 % E
.................. " e l eptOn baCkground 0'02‘_. T B B B R -L L 0-001_— | .
Rlzee) . - Measure partial tZq &2 1'%\.\\\?\\\\\3 ; Fo 512 P g _
- . S5 1P 1*\-\\-\* AN DAL SRR _cag 2 = |
----------------- T e e Sy By my S andtZqocandratioR & - B R = < R . T

| | 1 | | 1 | | 1 L 1 1 L I 1 | | 1 [ | 1 | | 1 | 1 1 2 ' 2 :

[O 02 04 06 08 1 12 14 16 1.8 0 50 100 150 200 _ 250 0 50 100 150 200 _ 250 -

Observed / Predicted P[%ton level pr(t) [GeV] P[ton level pq(t) [Gei‘;\a

A. Cappati and C. Vittori 107 Congresso Nazionale SIF 14



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-010/index.html

SM as probe for new physics




13 TeV, &= 139 fb | A,T ]

Single top polarisation (t-channel) vt
g p p ATLAS-CONF-2021-027
+ t-channel dominant single top production at the LHC.: AS [ arias vy o o2
+ exchange of W between b-quark and incoming light quark |8 09  -mstov.wsonr Saese e
i 0'8;_ --------- rﬂg?_s;rl\jgg?\iomythiw E
. _ dominant -+ V-Astructure of tWb 07} - 1 + Reconstruct t—£vb decay
vertex: top spin aligned 061 ﬁ==_ ===+ the angular distribution of the
W along d-quark oS s "4 charged lepton in the top rest frame
b _ g , + z axis: outgoing 04f ===== | gives information on the top
spectator quark 03 1  polarisation
= First measurement of polarisation vector in 3D! «—_ ¢ '/ :
: § 08¢ 3
R e 1 08060402 0 02 04 06 08 1 1
. P, 1.9 11— cos 6, RS N BN BN IR A
F"tQp P antthp: X EATLA; Prelimir|1ary l QE ] ATLAS Prelimi e best-fit value _
Px=0.01 +0.18 Px =-0.02 £0.20 [ (i Tev. 130’ E : re |m|nary_1 ______ 580 CL
P, = -0.029 + 0.027 P, =-0.007 + 0.051 ; | = dovw/dcos9 o5 \S=13TeV. 139107 g5 0L
P, =0.91+0.10 P,=-0.79 +0.16 ok - & ] % SM prediction’
: top quark measurement— EFT fit: '
= Systematic dominated, in F j '+ | constrainsonRe and Im T -
agreement with SM: o op et | partof Ow y
- ki o 0.5 . e -
hlgh pOIarlsatlon Of top " +best Fit -0.7 < CtW <15 [ e
—1— % CL stat. onl —]
(antltop) along (ag-a'InSt). the 1: 2:"2 CLstat.+sth.. _ '0.7 < C|tW < 0-2
spectator quark direction | ¥PowhegBoxPytias o L FE T T B B
5 1 05 0 05 1 15 -1 05 0 05 1 15 2
F)z' c3’[W
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/

: : 13 TeV, £ = 138 fb / S
Search for t=H(—bb)q FCNC interactions CMS-PAS-TOP-10-002

e o Hqg (g=u,c) FCNC decays suppressed in SM — clear sign of BSM physics!

I — fotfyat (s=13Tev S e 101 1" at Vs =13 Tey
+ H—bb decay mode o B Toum Moo MRS A The Mo S
+ 10+=23 jets (2 b-jets) selection m | — m )
+ 5 SRs based on (b-)jets multiplicity
+ DNN to assign jets to partons 20000 20000
Y + BDTs to discriminate B ——M >
= no excess wrt SM bkg expectations : %/ ________ ///////////%f ;

—95% CL limits are set on the XS, Couplings and BR 08—1 08 06 04 02 0 02 04 06 08 1 08—1 08 06 04 02 0 02 04 06 08 1

= the b3j4 category has the highest sensitivity + Previous analysis with H—yy decay mode

CMS Preliminary 137 b (13 TeV) CMS Preliminary 137 fb'1 (13 TeV)

~ ~ =] ~ _2 [ I [ [ [ [ [ [ [ I I [ I I I - - - -
g F | | | | S 0.251 | | |_ | | ]  04CMS Preliminary_ 1371 (13TeV) CMS-PAS-TOP-20-007
~ B 95% CL upper limits Hut 1 = i 95 % CEX%gg%rd imits - 52 95% CL Upper Limits
© L ——--- Expected | j(:-) | - Expected + 1 std. dev. | : —— Observed
I Expected + 1 std. deviations 02— (E))épecte%+ 2 std. dev. _ $) i e Modian Exoocted ]
1 02 = Expected + 2 std. deviations = _I - Serve 1 T 0.08- ccan=peces
- Observed . E T B
— — +2c
o1s- BR(t—HU)<7.9 104 (1.1 104) & _

BR(t—Hc)<9.4 10-4 (8.6 10-4)

0.1 0.04

0.05 0.02 _

i ] BR(t—Hu)<1.9 10-4 (3.1 10-4)
107 E

- : ' : ' : | : | : | = O_ - I0.05I | 0.1 0.15I - I0.2I - I0.25 O() — '0_02 0_04' | |0.|06| | 'o_losl — 0.1 BR(t_’HC)<7'3 10-4 (5'1 10-4)
/ b2]3 b2]4 b3j3 b3]4 b4j4 all B(t— Hu) (%) BF (t N HU) (°/o) ?
% . . . . v
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https://cds.cern.ch/record/2776985/files/TOP-19-002-pas.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-007/index.html

' CMS l

13 TeV, 2= 138 fb1 {8
Search for HH—4b CMS-PAS-HIG-20-005

4+ Directly study the Higgs boson self coupling with largest BR = 34%

+ HH produced mainly via ggHH at the LHC k= AnmH/ AHHESM / .
4+ tiny cross section: o(pp—HH)SM = 31.05 fb 7 2922222202220 H .
it V -7
: . : Kx -7 K
+ With full Run 2, possible to target also VBFHH production | . o v o Y
.y . H M
mode — sensitive to VVHH coupling
g 0000999999999~ ) H q q
i CMS _Preliminary 102 fb™ (13 TeV) B CMS Preliminary 138 fbL (13 TeV)
£ 500f~HH > bbbb  §  2017-2018 Data + Large multijet background = 4000 : = —
qc) - QggF |OW-mHH ] Y= 95% CL upper limits A” Categorles
S [ A®regon I Bkg. model from QCD and ttbar estimated ~ —— Observed |
L - s Bkg. unc. - : % Median expected HH — bbbb
400 SM ggF-HH x 100 with data-driven method 7 W 68% expected o o=1l,p =1
- ——— VBF-HH (x,,=2) x 300 . o 3000 95% expected T UggF T T VBF
300l + BDT for S/B Separatlon & — Theoretical prediction i :
: * | '&%5 : : :
= No signal excess found! o> 2000
= Very promising limits at 95% CL.:
3.6 (7.3) x SM ob 1000
O(pp—HH—4b) < . ( . ) X 0] 013 (exp)

-23<k;<9.4(-5.0<k;<12.0)
-0.1 < kv <2.2 (-0.4 < kav < 2.5)

BDT Output
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https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf

Conclusions

+Vibrant atmosphere towards Run 3 of LHC for SM measurements
4+ Precision measurements allow stringent test of theory predictions

+ necessary to reduce experimental and theoretical uncertainties to enhance the
sensitivity

+ Rare processes will benefit from the statistical increase

+ Interesting interpretations in BSM scenarios
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Search for ZH(—invisible)

"~ 4 Since DM particles are expected to be massive, can H boson couple with DM ()?

+ Experimental signature: Z(— ££2)+ETmiss ZH(— xx) Simplified DM model
+ Sensitive to: SM ZH(—w) and DM processes ——» H< q ) X
+ Main background from ZZ—2£2+ETmiss in 3/42 CRs : med

+ BDT for S/B separation

£ 10001~ N T = Interpretation: limit on WIMP-nucleon scattering
o — ATLAS Preliminary e Data — B(H—inv) =1 . . _
W [ (5-13Tev,139f0" Wzz  Wwz ] - d lusion limit Higgs portal scenario: DM from Higgs decays
800~ SR Duncarainy mproved exciusion imits on assumed to be scalar or Majorana fermion
6001 | ; Simplified DM and 2HDM+a models | ., Complementary to direct DM searches
: / | : . 600 I I ' l I I I I I I I I I I I I : ' ' ('\E' | | I | I .I LI I | 1 I | LI I | _I_
= B - B(H — inv) < 0.15 . _
F W 18 - ATLAS Preliminary 1 2 ol e AII( o 9)00/ o ATLAS Preliminary m
- 1 = 5opE fs=13TeV, 139", 95% CL 1 g 10* m ° _ . —
200l ] E>< _ Axial-vector mediator, Dirac DM _ § ls=13TeV, 139 fb —
: goof- TG0 - = 10 —
I | —/ | = -~ Expected limit (1 o) _ L
o] O- | | | | = Observed limit p R - © _
o 1.2f 300 - - - - Relic density Rl — 107 —
< B ATLAS 36.1 fb"! - RTTPROR L
© I R e 1 N ™ et _
) 200 = o R — -
_ _ | Higgs Portal Other experiments _
_ _ - $6446%¢ Scalar WIMP  —..-.. XENON1T MIGD 2020 -
100— — 10748 |- 22 Majorana WIMP -+ - . - DarkSide-50 2018 ]
- - m LUX 2017 —
N | 1T aaeaa PandaX-11 2020
- o ee — XENON1T 2018 —
O 200 400 600 800 1000 1200 10_50 1 | 1 l [ 11 | I-IIO [ | [ | 1 | -;IOZ | | | [ 1 1 ‘;IOS
Mred [GeV] Myme [GEV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-029/

13 TeV, Z = 139 b1 G335 l
ATLAS-CONF-2021-038 CERN-EP-202-137
+ Test of EW symmetry: sensitive to vector boson self-interactions and cubic-quartic couplings

q q q R q

7 + Events characterised by large m;j mass and y;j gap
+ Main background from QCD Zyjj

EW Zy + 2 jets production

»
>

\4

Z(—w)ri)
+ Target VBF topology + Eymiss

Z(—228)yjj
+ Target VBF topology + Z(—22) + y
= Observation of the EW Zyjj with ~100c obs.
oEWz(- 00),ii = 4.49 £ 0.58 b

= First observation of the EW Z(—vv)yjj with 5.20 obs

oEWz(- )i = 1.31 £0.29 fb

= Fiducial cross section = Fiducial cross section

800 C 180 L L L L L e e
z S B A SO - 5 [ ATLAS Post-fit :
o — —— bata - — 160 1 ] Dat
5 700 haS e ] EW-2yj = o [ Ys=13TeV, 1381 S R
g = e B QCD-Zyji = = 140 EW Z(—vV)y jj N 1 >\ Uncertainty
Lﬁ 600 SR | Z+jets — G>J : . EW Z+y
500 “‘-“, Post-Fit . Y = W 120 3 \ E B Strong Z+y
- '|V'Vo%al unc - 100 % | EW Wy
400 — ' — - 1 B Strong W+y
e 801 1M (Ty/Vyy
300 = 60 :_ 1 y+jet
200 - - %‘% N N { Il e—y
] 40 N i jet—>y
100 i iotse
20 F .. ‘\\' . e et
- .
8 1.1 — o 1.4
o ' N\ o 12 N\
= S N\ N = N
g 1$\ A N\ IS S S ‘ \ (s SRR
cDts 0.9~ N 0.6 -~ Data/Post- flt >\ Uncertainty E — Pre-/Post-fit E _ TeV
0.8= 20010009800 5006 5806 5000 025 05 1.0 15 5025 05 )0 155025 05 /10155025 05 10 155025 05 10 15 5 m [TeV]
m; [GeV] Fake-e CR W}, CR 'wCR  Zicen CR SR- m;
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http://www.apple.com/it/
http://www.apple.com/it/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/

13 TeV, &= 139 fb

Lepton Flavour Universality (LFU) S, o

+ First LHC test of LFU in W boson decays Clear deviation of the experimental results from SM in rare B-decays:
in ttbar dileptonic processes BR(B+—K+up)/BR(B+—K+ee) deviates 3.1¢ from SM (LHCb)
R(T/,u) — BR(W N TI/T)/BR(W N /’”/,u) BR(B°—D"rv)/BR(B°— D uv) deviates 3.4¢ from SM (LHCb+Belle+Babar)

Events / 0.01 mm

Data / Pred.

+ previous result from LEP had a deviation of 2.7s from SM

+ Information of the r lifetime (through do¥) is used to distinguish events in the R(z/u)

+ Z—uu events to calibrate do+

+ Z+jets and p not from W background estimated with data-driven T T T T T T

e ATLAS —a— LEP (Phys.Rept. 532 119)
o 13rov 1sryt  ATLAS thisresut
G e Bitay . Systematc Uncertainty
10° Bgg® o %" oo 1 = R(«/y) in good agreement with SM and : —e— Total Uncertainty
o ;Stnieerﬂii“:;“’cesses; most precise measurement to date 5
1 ! R(z/y) = 0.992 +0.013 5
- { [+ 0.007(stat.) £ 0.011 (syst.)] _
R °“|§uffm£f Main uncertanies: o calibraion signa G802 04 106 1081
R(t/w)=B(W-—>1v)/ B(W-—-uv)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-29/

H—40 Production

13 TeV, Z = 138 tb |

Eur. Phys. J. C 81 (2021) 488  Eur. Phys. J. C 80 (2020) 942, Eur. Phys. J. C 80 (2020) 957

% = 139 fb~

4+ Fiducial inclusive cross sections are measured in different fiducial volumes by ATLAS and CMS

CMS: 0 = 2.84+034 43¢ fb (SM: 2.84 + 0.15 fb)

Requirements for the H — 4/ fiducial phase space

Lepton kinematics and isolation

Leading lepton py pr > 20GeV

Next-to-leading lepton py pr > 10GeV

Additional electrons (muons) py pr > 7(5) GeV

Pseudorapidity of electrons (muons) 7| <25(2.4)

Sum of scalar py of all stable particles within AR < 0.3 from lepton < 0.35p+
Event topology

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z, candidate 40 <mz < 120GeV

12 < myz < 120GeV
AR(£;,¢;) > 0.02 for any i #
Mpsp- > 4GeV
105 < my, < 140 GeV

Inv. mass of the Z, candidate

Distance between selected four leptons
Inv. mass of any opposite sign lepton pair
Inv. mass of the selected four leptons

ATLAS: 6 =3.28 +0.32 fb (SM: 3.41 +0.18 fb)

Table 3: List of event selection requirements which define the fiducial phase space for the cross-section measurement.
SFOC lepton pairs are same-flavour opposite-charge lepton pairs.

Leptons and jets
Leptons pt > 5 GeV, |n| < 2.7
Jets pr > 30GeV, |y| < 44

Lepton selection and pairing

Lepton kinematics pr > 20,15, 10 GeV
Leading pair (m2) SFOC lepton pair with smallest |mz — mgg|

Subleading pair (m34) remaining SFOC lepton pair with smallest |mz — mg¢|

Event selection (at most one quadruplet per event)

Mass requirements 50 GeV< mj» < 106 GeV and 12 GeV< m34 < 115 GeV
Lepton separation AR((;,€7) > 0.1

Lepton/Jet separation AR(¢;,jet) > 0.1

J /W veto m(&;, €;) > 5 GeV for all SFOC lepton pairs

Mass window 105 GeV< myp < 160 GeV

If extra lepton with pt > 12 GeV  Quadruplet with largest matrix element value

A. Cappati and C. Vittori
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://arxiv.org/abs/2103.04956

Hiah i ducti 13TeV, #=1381b" QUG L=1361b" Glimad
Ig -pT IggS pro uction JHEP 12 (2020) 085 ATLAS-CONF-2021-010
| : : : 10°
+ Study extreme region of phase space in most abundant Higgs decay > 1-2X_—'ATLA'S'P;e;m;ir;a'ry' T e
g " {s=13TeV, 136 fb" B 1TV (uc26.30 Z
+ H—bb candidate reconstructed from single large-R jet and identified by the L Bt . -
experimental signature of 2 b-jets = 085, " -
o V-8 j
+ Large background: multijet parametrised using a VR, V+jets and ttbar from CRs Y ; 6: —+ [ Tor ]
+ Analysis method validated with Z—=bb events T o -
0.4 —
L ¢ _
= Inclusive o(H—bb) for ptH>450 GeV: _ | | 0oL |
= | ATLASPreliminary S P A A
c(H—bb) = 13 + 57(stat) £ 22(syst) + 3(theo) fb & gor- V=13 Tev. 136" 5
© | e  Fit 2, '
g0l — 95% CL Upper Limit 1 2 100
=
: S 0
= Differential c(H—bb) measured in several 40- 19
ptH bins: 300-450 GeV, 450-650 GeV, >650 . | o
GeV, > 1 TeV 20 - &
i - ) V)
- 1 0
Limit at 95% CL on fiducial cross section e B ]
: A ‘ 80 100 120 140 160 180 200
for pr>1 TeV: 10.3 fb 500 7000 1500 Jet mass [GeV]
pt [GeV]
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https://cds.cern.ch/record/2759284
https://arxiv.org/abs/2006.13251

Search for HH—bbyy

+ Di-Higgs production sensitive to H self-coupling
+ Destructive interference with “box” diagram reduces cross section

(onH ~ 30 fb)
+ Higgs trilinear coupling scaled by K;=AnHH/AHHHSM (K;=1 in SM)

+ pp—HH—bbyy one of the most sensitive channel

+ Very rare process (BR~0.26%) but cleaner final state
4+ combing high HH—bb BR and low HH—yy BR with clean signature

+ Events are categorised by myp,,, and a multivariate discriminant

+ Low and high mwy,, regions are sensitive to large and small k,
+ Signal and background parametrised in m,,

+ main background from bbyy

= Upper limits at 95% CL on non-resonant HH:

s(pp—HH—bbyy) <4.1 (5.5) x SM obs. (exp.)
-1.5(-2.4) <k;< 6.7 (7.7) obs. (exp.)

10 -8 -6 -4 -2

ATLAS Preliminary

HH—bbyy

- Observed: K, € [-1.5,6.7]
- Expected: k) € [-2.4,7.7]

I 1 1 1 I

V/s=13TeV, 139 b~ "

—-~
-~
~~~
~
~
~ -

—— Observed limit (95% CL)
Expected limit (95% CL) -
Expected limit +1c 1
Expected limit +2¢ 3
Theory prediction ]

1
—

i\z SM prediction

——————————————————

factor of 5 improvement over 36 fb-! analysis
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

Search for HH—bb:r

+ One of the most sensitive HH search signatures: BR~7.3% and not too large background

4+ Analysing thadzhad and thad7iep decay channels with significantly TV A R AR AN AR R R
. _ . S E ATLAS Preliminary ;SI?IIT-IHatexp. limit E
improved 7had efficiencies g 1L fo-T3TeV 130" Top-quark =

o = "hadhad Jet — 1,_, fakes (MJ) 3

. . . . . . it 5[ Signal Region Z — 1t + (bb,bc,cc) _|

+ Variety of sizeable background: ttbar, V+jets, VV, multijet, single Higgs, T 10 Jet > 5,,, fakes (t) =
. - Bl Other -

fake 7 estimated from MC and data 10* SM Higgs E
Sl Uncertainty n

_ _ _ _ _ _ _ 10° & "'""--0--:__.._. ----- Pre-fit background |

+ Signal extracted from fit on multivariate discriminants b,
. — B

Run: 351223 8 1'5:| P ! | ! | ! ! e I_

B s & 1;,.\\\\.\\\\.\m.\\\\.\\\\@\\\N\s\\\\k\\\\&\\\*\\\\}\\\ \\\xg

8 05504060405 005 04 08 08

BDT score

= Upper limits at 95% CL.:
s(pp—HH—bbrr) < 4.7 (3.9) x SM obs. (exp.)

factor of 4 improvement over 36 fb! analysis
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HH combination and prospects

Combination with 36 fb-1

+ ATLAS: 6 channels combined, leading channel

HH—-bb:r

+ CMS: 4 channels, leading channel HH—bbyy

4+ reached limit: ~10xSM

Full Run 2 combination:
+ not available yet

4+ full Run 2 results very promising,
even more than HL-LHC

Phys.Rev.Lett. 122 (2019) 121803

CMS

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbrt

Observed 31.4xSM
Expected 25.1xSM

35.9 fb' (13 TeV)

gg—HH

—— Observed
- --- Median expected

bbyy o
Observed 23.6xSM - 68 /o eXpeCted
Combined
Observed 22.2xSM
Expected 12.8xSM
| | 1 1 | 1 1 1 l I 1
6 78910 20 30 40 506070 100 200 300 400

95% CL on o, /o$H

ATLAS and CMS 3000 fb™* (14 TeV)

Phys.Lett.B 800 (2020) 135103

ATL A S —e— Observed

~ (s=13TeV, 27.5-36.1f0F ngzg D
- cgg; (pp — HH) =3351b Expected + 20 il
| . Obs. Exp. Exp.stat. |

HH— bbt't ; 125 15 12
HH— bbbb I | l 129 21 18 |
HH— bbyy I * ; 203 26 26 |
HH— WWW'W I | u { 160 120 77 |
HH— W'Wyy I ' n + 230 170 160 ]
HH— bbW'W I | } 305 305 240 |
combined| $4 - 69 10 88

10 10° 10° 10° 40°

95% CL upper limit on Oyor (pp — HH) normalised to O .F

eXtrapOIation ! \—l; 12 - HL-LHC prospects arXiV:1902.00134
S 10 e QLL;‘S Statistical-only Statistical + Systematic
. ] i . o ATLAS CMS ATLAS CMS
HL-LHC extrapolation: 8| comonete) HH — bbb 4 12 061 0.95
+ based on 2016 results _ HH — bbrr 2.5 1.6 2.1 1.4
. . 6|~ 7
+ single experiment and ATLAS+CMS ; HH — bbyy 2118 20 1.8
extrapolation o S e 95% ZZ : ZIB)?Z/((ZI)/ v) e 8‘23 ' 822
+ evidence expected, but no T combined 3.5 2.8 3.0 2.6
observation R N /L 6% Combined Combined
0'“.11““1“ A TFITN ITPL FSTVI PRTYN PPN POOT 4.5 4.0
-2 -1 0 1 2 3 4 5 6 7 8
K, X
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://arxiv.org/pdf/1902.00134.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.121803

HH combination and prospects

] L] L} 1 T Faa Y] LJ L) L] -9 0 @ T] L} 1 L] » 8§ B B®
CMS —eo— Observed --== Median expected
Preliminary B 68% expected
13TeV ==== 95% expected
Run 11 2016, 35.9 fb™
Expected 12.8 Phys. Rev. Lett. 122 (2019) 121803
Observed 22.2
bbZZ, 138 fb™ Combined
Expectt;d 39.8 CMS-PAS-HIG-20-004
Observed 32.5 e = bﬁl*\)['\l)
139 fb~
bbbb, 138 fb™
Expected 7.84 CMS-PAS-HIG-20-005 b5YY
Observed 3.88 = = 139 fb'l
bbyy, 138 b bbt*t-
Expected 5.55 JHEP 03 (2021) 257 139 fb~1
Observeder l | 1 I 1 1 1 llllll 1 1 JL_.0 B R kA
1 2 3456 10 50 100 500

95% CL limit on o(pp — HH (incl.)) / = -

l 1 1 l L L l ]' 1] 1) I | | | G T I ]
ATLAS Preliminary — Obseived
VvS=13TeV,275-139H~2 Expected

Expected £ 2 0

27.5—-36.1 fb~1|

Bl Expected 10

Obs. Exp.

6.9 10
Normalised to Oyqy -
Phys. Lett. B 800 (2020) 135103

Normalised to g —
Phys. Lett. B 801 (2020) 135145

4.1 5.5

Normaksed tDOw + Ve —
ATLAS-CONF-2021-016

4.7 3.9

Normalised 10 Oggr 4+ var =
ATLAS-CONF-2021-030
T | | L L P gt _ige (4l |

5 10 20 50 100 200
95% CL upper limit on o (pp = HH) normalised to ogpy
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