icchenoBaHme
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[TpaH paboTbl BAK

HiLum

LARGE HADRON COLLIDER

LHC HL-LHC

Run4=5...

51 cvers 5>
13 TeV 13-14 TeV

14 TeV

Diodes Consolidation energy
splice consolidation cryolimit LIU Installation ) )
7T TeV 8 TeV button collimators interaction . HL'LH‘_; 5 to 7.5 x nominal Lumi
e R2E project regluns 11 T dipole coll. installation

1

Civil Eng. P1-P5

| 2o | iz | aos | 2w | 2ot | e | v m 2w | 2 |z mm mes | 205 | ooz ?ﬂlﬂl

ATLAS - CMS

radlatlon
experiment upgrade phase 1 damage ATLAS -CMS
beam pipes . . HL upgrade
nominal Lumi 2 x nominal L""'ll ALICE - LHCb | 2 x nominal Lumi

25% nominal Lumi / upgrade a4
I/—I m integrated JRTVV R ]
m LU 4000 (ultimate)

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY & PROTOTYPES CONSTRUCTION \ INSTALLATION & COMM. \ \ H PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION / BUILDINGS



ROHCTpYKUMA AeTeKkTopa ATLAS

25m

o —

Tile calorimeters

i LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker



ROHCTPYK

1A AeTeKkTopa A

LAS

* MIOOHDI I/I,EI,EHTI/I(I)MLI,MpyI'OTCﬂ C nOoMouwbko KOM6MHMpOBaHHOI'O MIOOHHOIo CnekTpomeTpa u

BHYTPEHHEro AeTeEKTO

pa:

* TpeKun BHYTPEHHEro aeTekTopa (0T MIOOHOB) obecneymBatoT TOYHbIE USMEPEHUA MMIMYbCA U
BPEMEHMU XKU3HWN AN pacCMaTpMBaeMoro 34ecb Anana3oHa MMNY/1bCoB

Muon Spectrometer

Inner Detector

2T
~0.05%pt + 0.015

Axial Magnetic field

Track momentum resolution O/pr?

[GeV]!
[N|(max) 2.5
Lifetime resolution —100 fs

Toroid B-Field, average

In|(max)

Track momentum resolution

o MDT
6
n=1.3 4
A / 5
4
&
2
0-5 T End-cap n=24 1
| = B e r|=27 ...... [ I
e e
OTP{ 1 0% up 0 — | i i f >z
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Pexkum Habopa AaHHbIX e

- ATLAS
— Preliminary

— —
B O
[= =]

{s =13 TeV

- . Delivered: 156 fb”’
; DLHC Delivered Recorded: 147 fb'

- . . -1
- []ATLAS Recorded "Mhvsics: 1391
|_|Good for Physics

— —
o M
[= =]

— 156 fb! paHHbIX (pp coyaapeHuit) nocTaBNeHO;

0]
(=)

Total Integrated Luminosity [fb

147 fb1 3anuncaHo; 60
40
-1 ¢ ’
139 fb™* ‘xopowo ana punsnkm 2
— lpedsapumenvHaa noz2pewHocms 1.7 % o e e o e e
0TI et A Py g yan g
(ATLAS-CONF-2019-021) ¥ Month in Year
- 3dPeKTUBHOCTL COOpa AaHHbIX > 93% e
ATLAS Online, 13TeV  [Ldt=146.9 10"
500

2015: <u>=13.4
2016: <u> = 25.1
[ 2017: <u>=37.8
[ 2018: <u>=36.1
[ Total: <u> = 33.7

— B-du3nKa yyBCTBUTENbHA K NPaBUIbHOMY BbibOpY
BEPLUMHbI NEPBUYHOIO B3aUMOAENCTBUA

400

300

200

Recorded Luminosity [pb "70.1]

* MnKoBaa ceeTumocTb: 2.1 = 1034 cm2s1
* CpegHee yncno B3ammoaencrsmmn: 33.7

100
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[oe]
o
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0O 10 20 30 40 50 60 70
Mean Number of Interactions per Crossing

LONBIQIED 61,2



[Tporpamma B-Ppun3nkun

» [poBepkKa npesackasaHnii KX/. BbicoKkas cTeneHb HanoXKeHUs cobbITUin U
HU3Kue p; B-agpoHoB - ATLAS ncnonb3yeT NONHOCTbIO
PEKOHCTPYUPOBAHHbIe pacnabl B TPEKMHIOBOW CUCTEME, KaK MUHMMYM
OAVH MIOOH B KOHEYHOM COCTOAHUN Ana 3pPeKTUBHOro otbopa:

» [lony4yeHue TaxKenblx apomaToB (KBApPKOHWUI, B-aapoHbl,
HOBbl€/3K30TUYECKNE COCTOAHUA);

» [MpeunsnoHHble namepenus (B, = J /Yo, Ay = J/PYA);
» Peakue pacnagbl (Bsy = pu, b = sup);
>

» YTouyHeHue napameTpos CtaHgapTHo Moaenn (matpuua CKM,
napameTpbl CP-HapyweHus).

» CpencTBo KOCBEHHbIX Nonckos Hosot ®usumku. bonblias yacTb
nporpammbl B-dun3nkm skcnepmmeHTta ATLAS BKAOYaET peaKkune pacnaabl,
TOYHOCTb NO-NPEKHEMY CTAaTUCTUYECKN OrPaHUYEHa — YBENNYEHUE
ctaTucTUKM Ha HL/HE-LHC mosKeT npuBecTn K 3HaYMUTeNbHbIM
ynaydweHmnam. Peakme npouecchbl € NeT1eBbiIMU AUarpammamm
YYBCTBUTE/IbHbI B BK/J1aJlaM HOBbIX TAXKENbIX YaCTUL, MO OTKAOHEHUAM OT
CM MOXXHO cyaAnTb 0O HAaIMYUU TaKMX BK1a40B.

o (nb)

10°
10
10
10
10
10
10
10
10
10
10°
10°
10°
10°
10
10°

10

proton - (anti)proton cross sections

e

3
3
LG

:_ Higgs

=

F Gjet( E

o (E" > Vs/d)

C WJs2009
o

T T LB | T T LI A | v

=

tot :
Tevatron

> 100 GeV)

T

(M. =120 GeV)
200 GeVv”
500 GeV

LHC

0.1

1
Vs (TeV)

33 -2 -1
events/secfor . =107 cm”s



Tpurrep B-ou3nku

> :I T T | T T T | T T T | T T T | T T T T T T =
(o)) - ATLAS Preliminar -
OcHoBHble Tunbl Tpurrepos (HLT) = [ Data2018 o o Jv B Y(nS) ]
O {07LVs=13TeV 7 I Wl oo e
5 T 7 E5845fb" Bl o) sovpu)eeey
° ﬂMN\l‘OOHHbHA g - Bl p)- 6GeV.p) 40V
[ ﬂlﬂﬂ CM rHaﬂOB B _> ]/¢X (’/ E 106 E_ Dimunntriggem:::i::ﬂGei,,;j::ijzi;Geve _E
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[3B; 10°¢ E
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« anacurHanos Y (nS) -» utu~ .
5 4 10 12
UHTepBan 8,0 — 12,0 3B.
P miu) [GeV]
+ . — Mporpamma B-pusnku
* B> u"u X -nopobHole
o 0 + ,,—17*0
Bo ~ “+ H K * OCHOBaHa B OCHOBHOM Ha
* Bs > utu <P( . OVMIOOHHOM CUrHaType
— * —
« BYf >utu D7 (KK w™) * 6ONbLINHCTBO aHaIN30B
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©  25- . L1_MU6_2MU4 [s=13TeV, 321"
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Instantaneous luminosity [10°° cm2s 1]

(a)

MOTOKK AaHHbIX ANA (NeBbliM PUCYHOK) AMMIOOHHbIX Tpurrepos L1 ana pasnnyHbix pT 1 (NpaBbii PUCYHOK)
OCHOBHble HLT Tpurrepbl B—pun3nkm Kak GpyHKLUMA MITHOBEHHOW CBETMMOCTU. Ha npaBom pucCyHKe nocneaHaAs
4acTb Ha3BaHWUA TPUITepPa 03HAYAET, YTO Napa MIOOHOB GUTUpPYETCA B 0OLLYIO BEPLUNHY C UHBAPUAHTHOM

Rate [Hz]

80

v HLT 2mu4 bJpsimumu ATLAS
+ HLT muf mu4 bJpsimumu fs=13TeV, 321
+ HLT_2mué_bdpsimumu

o HLT mu& mu4 bBmumu
¢ HLT _mué_mud bUpsimumu v
o HLT mué mud4 bBmumuxve '_"r" Y e

Instantaneous luminosity [10°° cm2s 1]

(b)

MaccoW, paBHOM YacTuLe, KOTopana YKasaHa nepeg HUMMK nocae cumeona b. Hanpumep,

HLT mu6_mu4_ blpsimumu TpebyeT, 4Tobbl ABa MOOHaA € pT > 6 1 4 3B nmenn MHBapPUaAHTHYIO MacCy B OKHe
J/U . Tak Kak Tpurrep L1_2MU4 6b1n NnoaBep>KeH AeNeHUI0 YacToTbl NPU cBeTUMOCTM Bbiwe L =4 - 1033 cm~2¢!

noTok Tpurrepa HLT 2mu4_blpsimumu cHMU3UACA Npyn AaHHOW CBETUMOCTU



HeobxoaAMMOCTb YCOBEPLLUEHCTBOBAHMA TPUITepa

O6paboTKa MOTOKa JaHHbLIX Npu cBeTUMocTM nopagka L = 103* cm ?c~ ! asnaetca cepbésHoit

npobnemon. paduK noKasbiBaeT 4ucno cpabaTtbiBaHM B OapenbHoM obnactm ANa Kaxkaoro
nukcenbHoro cnos Pixel n kpemHmnesoro cnoa SCT KaK PYHKLUMIO CBETUMOCTMU.

T  TLAS Simulation PIXEL LAVER O MogenuposaHue poxaeHua tt npu
18000 Pythia tt with Ys=14TeV, 25ns bunch spacing 3Hepl'l/1 U CTOIKHOBEHUSA \/E — 14 T3B

PIXEL LAYER 1

Number of hits

16000

14000 _
PIXEL LAYER 2

YBenn4yeHme cBETMMOCTU —
bonblue cpabaTbiBaHUMN
gCTLAYERD
SCT LAYER 2 petektopa (PIXEL, SCT) —»
SCT LAYER 3
bonblue AaHHbIX AN
06paboTKM — INEKTPOHMKA
He cnpaBnaeTca =
MOJEPHU3NPOBATb

—
o
o
3
II|II\|III|\II|III|III|III|III‘III|I\I

oF L v v v v v b e by e ey
0 0.5 1 1.5 2 25 3
2

Luminosity [1034 cm? sec™]



Cxema Tpurrepa B ceaHce Run 2

Calorimeter detectors
TileCal| Muon detectors
Detector
Level-1 Calo | | Level-1 Muon Read-Out
Preprocessor
= S LS
L (e,y,t) JEEAKE £ ROD | ROD ROD
MUCTPI =
’ 3
3 =< DataFlow
» LiTopo T
i = Read-Out System (ROS)
TP RN |
i —3 [CTPCORE]
CTPOUT
o
Level-1 0
Y]
i Data Collection Network
Rol Fast TracKer «
(FTK)
v

High Level Trigger
(LD |Accept
Processors O{28k) |[L_

Data Storage

Event




Pixels

bbicTpbiv Tpekep (FTK) g

Cluster

Finding
100 kHz
FTK — 37O cucTema 31eKTPOHMKM, KOTopasa NpoBOAUT g
rnoban bHYIO PEKOHCTPYKLUUNIO TPEKOB BO Second Stage Fit (4 brds)
BHYTPEHHEM AETEKTOpE, NCNO/b3yA MHGOPMALUIO, Track Data
AL ROB
NOCTynatoLLyto C Tpurrepa nepsoro yposHA (Level 1), —— =i
MU nepenasasn ee Ha Bxoa Tpurrepa HLT. FTK ROBs EProcessing

UCnoab3yeT AaHHble, NpuxoaAawune C:

* nukcesnbHo2o0 0emeKkmopa (Pixel Detector);
*  10/yNpPOB0OOHUKOB020 MUKPOCMPUNOB8020

demekmopa (SCT); 0.7
* 8cmasHoeo B-cnos (IBL). 0.65

Efficiency w.r.t. Offline
o
o
8]

- Muon

—e-pion ATLAS Simulation, no IB
!lll]llllllllll] lllll]llllllllllllllll
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ccnenoBaHue apPekTnBHOCTU FTK

K_deltaR_muclosed Kstar_deltaR_muclosed
o e 5013 o e
Maan 0.4503 L C Mean 0.4056
N StdDev 02771 = oob Std Dov__0.2566
0.9 % L + |
u il 08E = -+ + 1T
D_%ﬁﬁigﬁ e =z Ef tH mi%ﬁﬂ t | 1 féﬂ -
o7+ £ 4L T ‘JF $ J(_U( IRRRE T

\ " W 10
T WL I S

1 | g |
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 08 1 1.2
Delta B Delta R

0.5

3P PeKTMBHOCTb PEKOHCTPYKUMM K 1 K* Kak dyHKumMsa delta R mexay K
nnn K* n bamkanwem mmooHOM

FTK apPpekTnHee Ha 6onblinx delta R



[Tpobnema nenToOHHOM YHUBEPCANbHOCTH

EW bosons in SM: e Bsaumopemncrteme W, Z n 6030HOB U e {e: 22 7'}

ZO ;Y E_ He 3aBUCUT OT apomaTa 1enNToOHOB
* Pasanuma B MUHTEHCMBHOCTAX pacnaga obycnoBneHbl
F—!— Pa3NYHbIMKM MaCcCaMm
’ m, =0.511 MeV, m =105 MeV, m, =1777 MeV

W {~ * [TonynenToHHble pacnagbl b KBapKa Ha e U W
NPaKTUYECKU NOEHTUYHDbI

Uy JlenToHHble pacnaabl B - lv, B - |l cunbHO noaasnewHsbl

Charged Higgs in NP: Heavy Z' boson in NP:

f

N£;M<’f Mf
Uy &



IneKTpocnabble pacnaabl b KBapka
b W= S b t S

[Mpoueccbl U3IMEHEHMA apOMaTa C HEMTPAZIbHbIM TOKOM TpebyeT netam
nmbo 6okcbl B CM b _

MorxkHo 3ameHuTb W, Z, t 3apsarkeHHbIM Xurrcom, Z’, SUSY napTtHepamuy,
NIENTOKBAPKaMM UAun Apyrmmu 4yactmuamm Hosom pusnkm




[MpucyTCTBUE TAKUX YACTUL, MOXKET NPUBECTU K 3HAUUTE/IbHOMY YBESIMYEHMIO NN YMEHbBLUEHMUIO
CKOPOCTM KOHKPETHbIX pacnagoB ManM M3MEeHEHUIO YI/I0BOro pacnpeaeneHunsa 4acTuml, B Ha4a/lbHOM
coctoAHNN. Ocob6EeHHO YyBCTBUTE/IbHLIMWU ANA TaKNX 3PPEKTOB ABNAIOTCA COOTHOLWEHUA TUNA

2
"Ymax dI'(H;, — H . T 7.9
dI'( H,, s 1 )d(f

R L g;]lin dqb
H‘- T ) 2 )
Qmax dF(Hb—}quE_}_E_) Z 2
G dg
min

roe H — agpoH, cogepskawwmnia s-ksapk (K namn K*), I — napumanbHan WKpuHa pacnaja, 3aBmcaLLan oT
g% — MIHBAaPUAHTHOM MaccCbl AUNENTOHA.

CornacHo npeactasneHmam CM, gaHHOe OTHOWEHMe AO0NKHO bbiTb 61n3K0 K eamnHuue [9-10].
OpgHaKo B nccnegoBaHUAX pacnaga B-me30HOB 3amevatoTcA CyLLEeCTBEHHbIe OTKIOHEHNA OT

npeackasanmm CM.
B(B— K™t ™) sm 1.0
B(B = K*ete=) 7

RK(*) —



Effective Theory

4GF *k a&’
7 VisVis 1 Ci (1O (1)

Her =
1
Integrate out scales above p~my, T
SM calculations of inclusive rates  Wilson coefficients Four-fermion operators
give (10% accuracy):
C-,~ —0.3 from the photon (Y  Mp, _
’ P 02y = — (50" Pr1yb) Fr
Co~ +4 from EW vector (") _ 7
Ogy = (57uPr(r)b) (1)
Cio ~ —4 from EW axial-vector " = ~
° O10a = (57uPr(r) D) (£ 5¢)

(') indicate RH contributions (suppressed by m/m, in SM)



Map of K(*)(( Contributions

Spectrum
Photon pole i :
enhancement J/ ¢((£S ) dominated by
(no pole for / narrow charmonium
B—K(( decays) A resonances.
e ¥(2S)
7 —— ol
lypically removed
dI’ In analyses
dg?
/ /
} c o C§” ana C1g

interference Long distance
contributions from CC

above open charm

Form-factors thiestiold Form-factors from
from LCSR ’~ — :
: ~ Lattice QCD
calculations parameterisation
V12 e | i ST o dilepton mass
4[m(()] - squared
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Figure 16: Fits to (left) B— Kpu™pu~
10.11 GeV?/ct), but excluding the

Events / ( 0.003 GeV/c?)

Pull

Figure 17: Fits to (left) B— K*pu " pu—
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PeKOHCprKLLMﬂ B pacnajos Ha BeHe n BaBar
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Pull
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and (right) B— KeTe™
1(25) mass region, at BaBar. Taken from Ref.

candidates at low recoil (¢? >

[114].
22 524 526 528
E_FI_L NIRRT 1+_L TJ_.—LIT"[“
ETT T L_{_T"r
7 7 B 558
MbC(GeVicz)

and (right) B— K*ete~

candidates in the full ¢2 range,

but excluding the J/iy and the ¢/(2S) mass regions, at Belle. Taken from Ref. [116].



PeKOHCTPpYKUMA 3n1eKHpoHOoB Ha LHCD

Bremsstrahlung recovery < 100%

— - L L L ' I T ]
with E+ ("r’) > [5MeV S 100 0.002 < q?<1.120 GeV?/c* LHCb
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g 80+ . Data ;
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El E Eﬂ_— 5 ; R H” — K" ]
4] L |
- w0 +,- ]
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brem D brem & C : Combinatorial
L —_ p S~ Q 200 : , i
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T 18 4 104(2017) 055 18 =
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N3amepeHune cooTHowweHma R(K)

Reduces dependence on simulation for selection and reconstruction efficiency.

R fo"‘,u"’pz_ NJ/&!J (ete— )KT EX+ete EJfp (ptp—)K+
K —
N+t e- N. Jhb (ptp—)K+ EX+ptp— EJnp (ete—)K+
L.O electron L0 hadron L0 signal independent  LO muon
x10’
Tofden A aan ool AS0OF T A 1 4 LACD A e ]
o 5 m_LHCb 62324 + 318 s | LHCb 9337 + 124: = 0 16796 £ 165 | 667(1 )k
D 2 . ' 1 3000¢ -
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~ E§ | 1 2 | R Z
"5000 5200 3400 3400 "S000 5200 5400 5600 5000 5200 5400 3600 3/fb at
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=R e g ?F ovs 13 4 13 | 1226(41)
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PesynbtaThl Ana R(K)

LHCb PRL 113, 151601 (2014): | Ry = 0.745"%9 ;; (stat) = 0.036 (syst) |

3/fb at 7-8TeV Window 1 < q2 <6 GeV? 2.6c away from SM  Rg=1 (10'2)
Bordone, Isidori & Pattori
EPJC 76, 440 (2016)

Errors are almost entirely from Kee samples.
Dominant systematics from fit shapes and bremsstrahlung correction.

For comparison:

BaBar PRD86, 032012 (2012): Ry = 0.74*031 . (stat) = 0.07 (syst)
Window 0.1 < g2 < 8 GeV?

Belle PRL103, 171801 (2009): Rk =1.03 &= 0.19 (stat) £ 0.06 (syst)
All g2 apart from J/y and v’ regions



K*I curHan

Pulls Candidates per 10 MeV/e?
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Pulls Candidates per 34 MeV/¢?
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PesynbtaTbl Ana R(K*)

LHCb JHEP 08, 055 (2017) 3/fb at 7-8TeV

R¢» = 0.66'01 4, (stat) = 0.03 (syst) | for 0.045<q?<1.1 GeV?

2.2c away from SM prediction of Rx-=0.926(4) Altmannshofer et al
EPJC 77, 377 (2017)

Re- = 0.69*0-1 - (stat) £ 0.05 (syst) | for 1.1<g?<6 GeV?

2.5¢ away from SM prediction of Ry.=1(102) Bordone, Isidori & Pattori
EPJC 76, 440 (2016)

For comparison:

BaBar PRD86, 032012 (2012):  Ry. = 1.06*048 .. (stat) + 0.08 (syst)
Window 0.1 < g% < 8 GeV?

Belle PRL103, 171801 (2009): Rk-=0.83 = 0.17 (stat) = 0.05 (syst)
All g% apart from Jiy and ' regions



CpaBHeHMe pe3yabTaTOB 3KCNEPMMEHTOB C
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Jlydwimne pe3ynbtaTbl NOKasbiBaeT akcnepumeHT LHCb



AHanun3 R(K*) B ATLAS

B HacTosWwee Bpema BegeTca aHanm3 R(K*) aHomanun.
[MoarotoBneHbl AaHHble (M3mepeHHble aaHHbie U MC)

Bepetca aHann3 apPeKTUBHOCTU TPUTTEPOB (3N1eKTPOHHOIO U
MIOOHHOTO).

[MpoBepaeTca BO3MOKHOCTb UCMO/Ib30BAHUA TEXHOIOTMIN HEMPOHHbIX
ceTen ANA yaydleHusa otaeneHma GoHa OT CUTHA/IbHbIX COObITUMN.



Cnacmnbo 3a BHMMaHMe



