9

The Universityof Tokyo

LHC SUSYIEFHE

Junichi Tanaka
ICEPP, UTokyo

EAAES RAFYEFOEE2017



EyI A bSUSYA

2016 .)2 %Z-“ ' 1 dinner
23450 WA LA :

SUSY & a1 @
T B3 @ "

ERE RHFYEFZOER2017



F T T T |
[ ATLAS Online Luminosity ~ /s=13Tev |

5 [ LHc el

E I:lATLASH orded ]
L 3 Offy g

: To ddSQ'D
3

2015

1 1
24/05 21/06 19/07 16/08 13/09 11/10 08/11
Day in 2015

Total Integrated Luminosity [fo™]

LHC

B&F-BEFI514—
BLRIRIF— Vs=13TeV (2015~)

B T T T | T T T | T T T | T T T
50— ATLAS Online Luminosity

. -1
30 Total Recorded: 35.6 ib

20

2016

Total Integrated Luminosity [fb]

10

fs=13 TeV
- [ LHC Delivered
40— [_]ATLAS Recorded
Total Delivered: 38.5 fb 3 5 . 6fb- 1

0 L 1
19/04 17/05 14/06 12/07 09/08 06/09 04/10 01/11

Day in 2016

uonRIgIED £ 172

Total Integrated Luminosity [fb]

14 [ T T T ‘ T T T | —]
- ATLAS Online Luminosity ~ /s=13Tev ]
12— [[] LHC Delivered ]
‘0 C [__]ATLAS Recorded ]
T Total Delivered: 10.2 fo™ 0. 3fb'1 7
g Total Recorded: 9.3 b ]
6 =
- 2017 .
4— o 5
2 _:“f
0 : L Il 1 | 1 1 B
09/05 06/06 04/07 01/08
Day in 2017

F—REBEFTOIRIK 1 2015+2016MF936fb 10T —% VR
- PreliminaryZ#& R (EPS2017 etc)im X

®

ICEPP

The University of Tokyo

(BE:

2 FAFYEZDERE2017

2017FHBLTNET | > ATLASOEELRF 3 H FFSh (R KICEPP)

S HFZ37T45fb 1)
EHHZ



@ Gluino & Squark(1st/2nd)
— LHCIZQCDYY—Y > & RrmiE ... X
— Higgs 125GeV > JI1—/) W& EHD,

- THEEM

10° "|1”'|"§"|""|'”11””r””a:

@ Stop 1034 O,,[pbl: pp — SUSY

— Higgs 125GeV 10 2 V8= 13 TeY 3

— FNaturaInessF&EUﬂéEﬂB\ 0 NLOTRLL !

DB FTEEIRE, 2 E

. 'k . :

! P Vwo m;E !

- y 10 "k i :
p> "’t\ti:”z; ;ll} Qilf-b-——-m—'-EE -------------------- ------------------- : X ______________ z

p o L=36fb1T | ;0L g9 - ]

365 £ Rk 10'5E..|....|..§..|...T‘1\....|....|.ha

500 1000 ' 1500 2000 2500 3000 3500

m [GeV]
[\[AN ~, 4

|CEpp EAAES RAFYEFZDERE2017

he University of



LHCTODSUSYIEFE (2) ATLAS

LHCTRMEHSUSYR R ZELY,
B FHATESHVDOREREEOEN?SZATRE?

B PoENENN?
— . TEAISN TLV3BDM relic density(27%)>DM~0(100GeV) |

@ Wino & Higgsino
— ®H<ETHINaturalness | (Gaugino mass ~ Higgs mass)
— INHLSP! > EfER (hOSUSY>ELDDb...)
— A pi#rEFE Wino/Higgsino LSP ~ O(10fb)@300GeV

@ RPV +
- CCt, (RRUIN—TRE2TOEEAD..)

ICEPP EAAES RAFYEFZDERE2017 5



Typical event topology (Strong& R CZ7H1in) ATLAS
Missing Energy
Leptons T E‘/~/

Jets —. q

g—4d

~0
q'e VeZl

g —q,

ICEPP

Multi-cascade decay

~ 0 .
X, remains.
—> Missing E;

N

/

High p; jets

Ley

ptons

multi (+ leptons)

-
N

F .+ High P jets (+ b-jets)

MiSSIng Energy

(+ t-jets)




)

Missing E; Measurement T

EXPERIMENT

Hadron CW Z ro + Z pT =0

_ . visible invisible
pr=0 A
30— MET = ) B,
all invisible

(impossible
to know the sum of p,)

: 4
= Y By == > Br 9 MET

invisible visible Missing E;

1 Er

Neutrinos and LSP

Missing transverse momentum

IN{ATICIE LM Visible 177 U1 MeERT Bh.
|CEPP AN{ATICIE U< Visible 14T Y15 b Calibration g 2 h.



BRMICEIAGRLOSMDNERATENETER )

ts / 1fb™

e

10

10"

ICEPP

B crprT N ! L B
- ® SUSY(1TeV)
® 2l BG

I 11 III|
—
-

= LAS Prelimina

ra

" L

100 SQQ 300 400 ¢ 700 900
Missing E_ [GeV]

MET of SUSY signal is larger than the SM background.



Forward Calorimeters

7 hSAR AR

-07-25 05:01:07 UTC
Electromagnetic Calorimeters
Inner Detector
Hadronic Calorimeters

EXPERIMENT

SATLAS

Run Number: 304431, Event Number: 2206548301
Barrel Toroid

\
MR
’, . N

(D)
)
O
O
©
c
C
@)
=
o\
(D)
(@\]
A
N
N
A
I

&N
N

)

\Y

AN

VY
N

The University of Tokyo



Pileup TL

Z->up candidate with 25 proton-proton collisions (ATLAS)

T ——————)

“a few mm"” between vertices
(£=10cm in z, ~15um for X,y)

1 bunch has ~10!! protons. Number of pileup (/S IL7v7%%)

80mb x 2 x 103 cm=2 s1 / 40MHz = ~ 40 collisions/bunch crossing

Inelastic scattering Instantaneous Rate of bunch crossing
cross section Luminosity (LHCO1# B THONYFEZEEE)
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Recursive Jigsaw Reconstructiom@

DIty rES$3, |V ... njets in an event @ Separate them into

METZ%5 (13, , 2 groups: V, and V,
GMETER AVEC: Py Pos - Prtr Po | maximizing | b, |+] by, |-

Orab suce 1. The direction of P V. (=—P""V)
(O pecay states corresponds to the thrust axis
of the jets (V) in the V rest frame.

2. similar to the operation of minimizing

ZMvi(zm)

i=a,b

(not identical AFAIK)

To find ISR jet(s),

do the same procedure
(O)vab State as @ in the transverse
(O Decay states plane including MET

@ minimize M, (=/p?)

i=a,b

including the missing transverse energy
and its longitudinal component.
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sparticle masses

Scalar topf&#r @
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Stop#E#: Bino LSP @
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StopiE**: Higgsino LSP @

EXPERIMENT

ATLAS Preliminary i, bT T,

] ,
Is =13 TeV, 36.1 fb’ FoWE T oni i
Limit at 95% CL SR, b7 1) -
- Observed limit X Xy
______ t , small tanf: (45, 10, 45)%
I EXpeCted limit ( 1Gexp) T ., large tanf: (33, 33, 33)%

—1, =1 —1, =1 (large tanp) =1, (2525)%
Higgsino LSP model: tt, production, my: = m10+5 GeV, myt = my+10 GeV

IIIIIIIIIIIIIIIIIIII'J—II'I"l-l.IJ'JIIIIII_

> 400 Lt BT
('2' 350 - m e ~ é
éx 300 ———————— \\‘ ‘:

-

1505~ ) S o
100l L L 1 AL
400 500 o600 700 800 900 1000
~ ~0 ~o . GeV]
>tyd ¥2 570y m; |
% E ;{i Z_i f(i . Z*/W* > Soft p; Iepton
b oby WY

ICEPP RAFYEFZDERE2017 21

he University of




ATLAS

StopiR%: ATLAS vs CMS@
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Electroweak SUSY il

4T 1172 3% (ATLAS-CONF-2017-039)
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pr>25/20GeVDlepton (electron or muon) !
1) 2lep+0jets, 2) 2lep+ijets, 3) 3lep

I VEEFT 915 dmvm;

(sleptonfHL\DEZ(L. low and high m&)
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3lep+0jetsfiZ#r @
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Slep+=1jetsfiZ @
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Mass Limit (3lep via W/Z) @5
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EW “lep via slep”: ATLAS vs CMS
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EW “lep via W/Z/h": ATLAS vs CM @

XPERIMENT

W/Z/hiEETab, FEFT,
FCTHHRILCWSIE Sk, N DH AR

pp — XX

May 2017 ATLAS Preliminary {s=8,13 TeV, 20.3-36.1 fb —

S- IR R R RN RN A RRE RAREE RRRRE RERRE R :'"|‘"'\""|""|""|"":
O - X via WW 21, arXiv:1403.5294 --- Expectedlimits 4 ‘'@ 400FCMS Preliminary 35.91fb 1 (13 TeV) —
¢ 300 —— Observed limits —| (D _ ]
gy 50 via WZ 21+3l, 8 TeV, arXiv:1403.5294 1= - —BF(°—HX9) =1 (WH .
- [ Kk via WZ 21431, 13 TeV, ATLAS-CONF-2017-039  Alllimits at85% CL | &3 350 —BF§%§—>Z Z%) =1 ((WZ)) -++Expecied
\5 250 via Wh  Ibb+hyy+F+3], arXivi1501.07110 . E —BF(2>Z %9 = BF—H ) = 0.5 (WH+W2) =—Observed E
£ N i 300 .
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CMS EW SUSY Search A0

EXPERIMENT

Z  GMSB NLSP=Higgsino (#&&): X1 s X2 X1

p % / - CMS rreiiminary 35.9fb" (13 TeV)
2 RN X(]:_) — T I T T T |
N 0] i |
- T
.. L i i
T L D ND B N
b % ‘s_\\ Xi ﬁ’j{ 0.8~ -
- :
Ao X1 T Ngont - -
A1 24T Xsoft 041 . -
i cross section |
Similar event topology - scenaro T
47 H 0.2 __ Mo =M., ~mMm, == (Observed + 1 Gtheo.__
, I wws Expected + 106,,, |
al [ mg=1GeV s==* Expected +26,,, |
55(1) . ‘ ________ é 0 1 [ 1 1 1 | 1 1 ] | ] ] ]
. 200 400 600 800 1000
Higgsino mass m , [GeV]
R X4
L e G ~1GeV
> EEREICIE RS Up to 650-750GeV
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Wino LSP (degenerated) @

Ex) AMSB
Fo—I— ) IHERLTVBEH. LB EH(0.2ns)

ALAS Si Iation Preliminary

BRZLOTFY—Y— /B FIvF TR AR TR AT EE

FZIZL. R TRAERLCZa— MU= /I3 s . I TELLL S,

(Soft charged pionlow p:D7=h (S DECA) RHETELGLY, )
> FVFITBRHEBFOR T, EP THALIOB R BRI FZIRT
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Fovx T Dk Z=EEBG ATLAS

x107 NI H579 RO—15

%) [ Pixel SCT e T T jz = “Hadron interaction”
(]C) Ll it . | 1.8 -
‘0 i - S
= E —1.6 —
© 0.8 1.5 5
S T ELl T
S 1.2
2 0.6 1 2
17 B —1 o
§ B f ATLAS Simulation Preliminary —f 0.8 E_-S
&’ 0'4__ — Fraction of chargino decays _ re) 0 N
= R (EW prod., m_. =400 GeV, 7.. =0.2 nsE 0.6 S M —
0 2__ ¢ Pixel tracklets : —H04 & E _h
L Standard tracks o ©
0 G 400 %OO 8 dQO 1000 HE{EFALUT. Charged pionst
ecay radius [mm] Neutral pionsz4 K9 %,
RUNn2 T E LIz E 72 \ 4
ATLASIZRun1#% D= 1k #AR h(C, s ¢
Pixelig i E BEMLELE | AEAB ! |
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p A hEER

ATLAS-CONF-2017-017 @

EXPERIMENT
nH =
ﬂ 4@AITLIA;SIIﬁI| I . 1 T T 1T III T I I T TT |||; w 10:| | T T T T T T T T J~.| T T T T T T T |'-‘.I‘t|a IBI | ?’Il’l; >| O
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% 3 F Vs=13TeV, 36.1 fb SIETEY Fake tracklet 1 s £ .
10°FEW producton "' Muon 3 ° [ i
& i e tapeeorn 13 -
10k T —— Total Background 3 21 7
10¢ ? 1 =
17 . | -
’ 3 0.4 ]
10 peeien, 03F el T s
. 0.2 | ""l"'_anfl ............................... |
1 0_2 E 3 .-'." . .
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1 O E (rln)?tll T)?’)I:I |(£||-|00 Ge\{’ O|20 |nS|) 1111 ] 111 |"|-|.|-T§ ; "‘—‘,-' vg=1 3TeV’ 361 fb-1 ;
(D 2 T T 11 T Trrrr T T T TTTr] = i’ Obseryed 95% CL limit (+1 Glheory ) -
M { 5Fp + j ................................................................ 004 ... Expeg¢ted 95% CL limit (£1 Gexp) 7
~ 14 ,L}A,L,L 19 155 FS9S e 0.03 3 === ATLAS (8 TeV,20.3 fb", EW prod.) |
S (3 CLreTTT | A 0.02, ... Théory (Phys. Lett. B721 252 (2013))
cou [0 T T —— . T ....................................................................................... | | | A/EPH (Phys. Lett. B533 223 (2002))
1 L1 1 111 | | 11 1 111 I 1 1 L1 1 111 | 1 1 1 1 1 | I I | 1 1 1 1 1 1 1 1 1 1 1 | I I |
030 100 200 1000 70000 %7100 200 308 400 500 600 el
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ATLAS-CONF-2017-060 @

High pT jets (>250GeV) DM search Tk

Large MET (>250G€V) EXPERIMENT

q X

~~ . 0
L, production, t,— bff’_

;‘ 600 _I T I T T T T | T T T T I T T T T .
8 - ATLAS Preliminary  Vs=13TeV, 36.1 fo’.~
9q Oy =~ 550 [ Al limits at 95% CL
7 A _
A S 50Q [ Observed it (1 oousY)
- Bpected limit (H10) - ‘:;:;;"
q X 450 Expected limit +2 o, ',;;;,3"’”

\‘IIII|I|II|III||IIII|I\I

2
2z
_IIJIIIIII|IIII|IIIlIIIII|lJII|II\||IIIIF

stop CHERZfEIR
200 lu ol !
300 400 500 600
SUSYTH#ERLT, ¢ m; [GeV]
HardGISRAUS<IHE. m(stop)-m(chi0)~m(bottom)Di&&
EODME—FERU MRAY— > 390GeV
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S % NDSUSYHE R ATLAS

(REDVIL-TDAE)
o DIM—)HERBATEDIER
- TEER
— LHCO)—FRAICHNIE, chh'EFiE
— fEfTOHE: q/g separation
— LSPEAER LTS IEBRIGERHNFTH ?

e EWARLBTEDER
— H=H35—13Hd., > 0O(100GeV)DA]FEE K
— LSP=DM -> EW SUSY direct production
— #EBLULTULVBAIEEM K > LHCTIEIN D bh A FE
— fRHrORE: Soft lepton (or soft track) > low p;
Disappearing track > f#5Pixel#& oL THo&5E L\Fdn, Slow pion ID

o StopARIBFEDIER
— FFATNRADBIEEG O TNETH, EEBREE(>)1TeVTHEZFANET !
— fEFTDOZE: Track jets for b-tagging (topEEMHigh p;J 1wk ATL-PHYS-PUB-2014-013)

Boosted hadronic decay top tagging (W=>qq& &5 TTH)
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e University of Tol
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LHC SChEdUIE - Plan this project until ~2037

T ——TT

13 TeV

LHC

AEE] 13.5-14 TeV

2017 2018

injector upgrade
cryo Point 4
DS collimation
P2-P7(11 T dip.)
Civil Eng. P1-P5

2019

2020

14 TeV

2022

2021

cryolimit
interaction
regions

radiation

HL-LHC
installation

2024 2025

14 TeV

2026

energy
S5to7 x

nominal

Ilumlnosny

2 ¥ nominal lum n{f;ﬁ;nage Expeﬂme“t
nominal luminosity axpeﬂ;‘hear:aux‘pgmda b Upgrﬂde phﬂﬁe 2
Today 300" rprated
ﬁ
LHC HL-LHC (High Luminosity LHC)

ICEPP

e University of Tol

Run2 (2015-2018) : ~120fb™!
Run3 (2021-2023) : ~300fb
HL-LHC (2027-2037) : ~3000fb!

(CERNCIZIEZICHAFE@2014)
B A BT - 3CH A 0— KI972017ICHR

EnergyzfR RICEFLOIN., ELVDEEEHNFET, zEZIE16TeVIC, 35
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—J : ~ B Expected 95% CL limit (1 o__, 1204b™)
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FIA. G, BELGEERTIVSE
LETEHBOANEN?

{6+ AlphaGo

MASTERING THE WITH DEEP
NEURAL NETWORKS AND TREE SEARCH

Tensor Processing Unit (Google)

O i NIMICEIFTELE,
ﬂﬂ g wry (T REFE)
Machine Learning (#&W%E‘), Deep Learning (FREZEE), Al (AN IANRE

ICEPP HFES RHFYEZOERE2017

he University of Tokyo
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LHC = IEB{RE#R+ NbTil

> 16TEBROLHOEM Nb,Sn
SRR R B EEN TN,

—m

unﬁﬁzi’a‘(HC) ~12T ~25T
@4.2K

REBHIZEFITHICE, RER

RAE (bl ZEHERE)
8.3TM5& K138 {zEdipole magnet
COEADBRSHLHCOIRILF—ZRHTIS | UhL. BERIE ID K SHEIEN
(15m x 12325 = 18.5km) WM (CHhDhBE. BIZENENS.
(EM=(36.5TeVEDT, 7.7TCT, )
27kmELVERBYATLTR EICEBIGEINEE S ZANT K (MBS H @B T K)
@D iR CERIINE ok, > 56K, 50TA & 2
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Schematic of an
80 - 100 km
¢ long tunnel

'
|
]
t

FCC-hh
(B&F-BFI5145-)I&.
High-Energy

LHC (HE-LHC): &1,

ICEPP

The University of Tokyo

parameter

CERNAVERILNETES T,
Future Circular Collider (FCC)&E&IZM(17=
HEBFAENREOTLVD,

- FCC MoUIZ 9 TIC33NE. 1168RE THeka

> 20184 F4IZCDR(Conceptual Design Report) ik ¥ &
- FCC week@A~JL)VDZ & (F %9500 A

(B2 DERTIIZRKRBOEME

R&lids)

(HL) LHC

collision energy cms [TeV] 27 14
dipole field [T] 16 16 8.33
circumference [km] 100 27 27
straight section length [m] 1400 528 528
#IP 2main& 2 2&2 2&2
beam current [A] 0.5 1.12 (1.12) 0.58
bunch intensity [1011] 1 1(0.2) 2.2 (0.44) (2.2)1.15
bunch spacing [ns] 25 25 (5) 25 (5) 25
rms bunch length [cm] 7.55 7.55 (8.1) 7.55
peak luminosity [103* cm2s] 5 30 25 (5)1
events/bunch crossing 170 1k (200) ~800 (160) (135) 27
stored energy/beam [GJ] 8.4 1.3 (0.7)0.36
beta* [m] 1.1-0.3 0.25 (0.20) 0.55
norm. emittance [um] 2.2 (0.4) 2.5(0.5) (2.5)3.75

ERE RHFYEFZOER2017
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Conclusion

o (FHEHEDT)
. WFFHONE
e HLLFEZEOEBA

— DHBIEESBZREIRTHESIGNalEBGIINEDLLITLS, (HAEEZAILHATTH)
> MLEE-EFERBRIIC

> Run2(100-120fb1)(CSUSYDEE#HLZ !

o ZIE. VAT TSN,
— BIOWELHFE FLELTVELVELR
o HEELTL\BIHEDSoft tracklE & EE
- EBEVWETI. BiFTESETIL

ICEPP ERE RHFYEFZOER2017
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77U A EgﬁT

ATLAS SUSY Summary web
— https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
— https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/

CMS SUSY Summary web
— https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

EAAES RAFYEFZDERE2017 41
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Squark (simplified model)

EXPERIMENT
383 §—>q¥° Moriond 2017 N N
; 1200 [T T T |p|p| [ ql ql | (lq T ? |x|1 LI B B B qq production, B(q — q %?)=1 00%

I -1 7 — 1400 T T T T T T T T T T T 7T T T
[ _ i _ 1 s N T | T T T T ]
o CMS rreiiminary 35.91fb" (13 TeV) > = ATLAS Prefiminary s O, it (41055 .
= I miss Expected 7 O Vs =13Tev, 36.1 o == Exp. Imits (+10,.) 5
231000~ —3SUS-16-033, O-lep (HT™) —Observed ~| 51200 I ~
B 7 E N O-leptons, 2-6jets ~ ——- Exp. limits MEFf ]
- —SUS-16-036, O-lep (Myy) i _ MEff or RJR (Best Expected) ~ ~ =" Exp. limits RJR -
800 | 1000 __A” limits at 95% CL. ~——— OL obs. limit (3.2 o' 13 TeV) __
L i F P -
: .............. : 800 _qL qq (uds,c) P P ]
600 — - /‘\ -
I i 600 « T g -
400/ ] 4004 —
s00-  Onelight @ N 200 -
: : I- - : 1 1 L I 1 1 1 I 1 1 1 I 1 1 1 I L 1 1 ::I 1 L I ':I L 1 ]

oble v Loy |y s EN Y E 900 600 800 1000 1200 1400 1600 1800
400 600 800 1000 1200 1400 1800 my; [GeV]
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Stop (Wino NLSP)

~ors

Wino NLSP model: tt, BB production, mg: ~ Mg =~ 2x Mg (M, = 2 x My)

;l 1T 11 I | L L I LI L I LI I LI L I LI L I LI I LI L I LI L I | L ™

T S5 by t5 i

[ 600_ ATLAS Preliminary : ~ tf‘; b?fg,e =

— ) _

O, - {s=13TeV, 36.1 fo 2 Ibhy -
T

Iod - Limit at 95% CL LT .

E 500_ L<0 X, —>Zx1, hx1 ]

- —— Observed limit us0: - h%° (dominant), 77 ]

- ===: Expected limit (+1o,,,) ~

— _M< _I.L> i == e \ :A? —
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B - ‘é‘:‘--:’!‘__ ' g =
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200 =
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he University of
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Stop (Bino/Higgsino mix LSP)

oo

Bino/Higgsino mix model: tf, + bj, production, am(x;, X:) = 20-50 GeV
o

; _I I I | I I I I | I I I I I I NI | I~7I ~IO I | I I _
D - ATLAS Preliminary L - b}v;ﬁae .
O, 600 ys=13TeV, 36.1 10" I .
Sur - Limit at 95% CL oWk, S
E B o X, > WX, 2y,
500__ — Observed limit . ' —
400 —~
300 —
200 ~
’T_ —I-‘I | | | | | | | .r-l- ’I‘-liY"ll | I I‘-;:I”ll | ‘J \\I‘ 1 :

500 600 700 800 900
m- [GeV
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