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LHC data taking plan : overview
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Data taking : plan for Run-3

Run 3 luminosity targets

Indicative!

Mode GPDs LHCb ALICE

p-p 250/fb 25 - 30/fb (~50/fb by LS4) 200/pb

Pb-Pb 7/nb (13/nb by LS4) 1/nb (2/nb by LS4) 7/mb (13/nb by LS4)
p-Pb 0.5/pb (~1/pb by LS4) 0.1/pb (~0.2/pb by LS4) 0.25/pb (~0.5/pb by LS4)
0-0 0.5/nb 0.5/nb 0.5/nb

p-O LHCf 1.5/nb 2/nb

Experiments also require HI reference pp data at 5.x TeV

Updated January 2022 (Run 3: 2022 - 2025)
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Data taking : status and plan for Run-3

ver.0.8a

RS Decamber 7,2023 Option 1:
[ DRAFT LHC Schedule 2024 ]

2024: pp (115d): 83 fbt
ion (18d): 1.9 nb!

12 13

2025: pp(145d): 107 fb!
ion (15d): 1.45 nb*!

with beam

Total 24+25: pp (260d): 190 fb!
ion (33d):  3.35 nb?!

First Stabike Collisions with

Apl' beams 1200 bunches. Mﬂy
T — — [2022+2023: pp (119d): 72 fbt |
Tu Sauing ion (32d): 2nb?l ]
:l; . st May
: - TotalRun3: pp(379d): 262 fb!
Su

intensity ramp up

ion (75d): 5.35nb!
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Outlines

 Higgs :
U (Anomalous) Higgs couplings and CP structures

U Higgs potential
] Electroweak :

di-boson and tri-boson processes
U Top physics :
U Top cross sections and EFT

U Entanglement in ttbar
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Higgs turns more than 10
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ATLAS: Nature 607, pages 52-59 (2022)
CMS: Nature 607 (2022) 60
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https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04892-x

Now we are able to study detailed structures on

the Higgs couplings (not only the rate/signal strength)
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https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04892-x

U k-framework is not naively sqrt of signal strength
U Interference can be used to determine their relative signs
L Ratio between ks can probe new physics

VBF WH production

~ Ké Interference ~ Ky, Ky, ~ ng
2
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2
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-057/

Beyond k-framework

Fermions: spin = 1/2 particles

Higgs coupling structures :

Wector Bosons: spin = 1 particles

O x-framework :
based on inclusive production
and decay rates, blind to tension
in differential distributions

] anomalous couplings/ EFT o oy

fundamental

alld CP Structures ¢ | scalar particle
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SMEFT parameterization
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https://doi.org/10.1140/epjc/s10052-020-8227-9

STXS framework
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O Split phase space of Higgs production processes

U Defined by kinematics of Higgs boson and associated W/Z

U Provide differential cross-section measurements while easy
to combine multiple production/decay channels
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SMEFT from STXS
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https://doi.org/10.1140/epjc/s10052-020-8227-9

/oM

1.5

0.5

é
£
s
2
3

[ T T T T T ] _1
E_ ATLAS Data best-fit +1o 1o _E § T T T T T T T T T 13|8 fbl (1|3 -I-leVE)
é Vs =13 TeV, 139 fo! Cgo = 0.00 =0.03 ---0.02 § IE Th.Unc. ¢ Observed — Total unc. tat unc.
E VH,Hobb,A=1TeV Cg = 0.06 —022 ---0.10 < _ A
3 - R Bl E 14 ZH - ll/vv bb WH — Iv bb —
E — el 3
T AN oo ST TSPTSERTTrorerero = o ]
T e 4 X i ]
3 : E §10 &

: . : : : TF
£ ] > -
c Data best-fit +1o 1o E x B
: G, =-010  —025 ---044 x 1E
3 . ;=070 =277 ---136 3 °
~ 1 . 1 !
R I — : I e e =
E .............. . -------------------------------------------------------------- E E _2 E 1 1 1 I 1 1 I 1 1 1 | 1 1 1 E
F -] = 7 7 7 2 7 2.
F 1 ] =] 5 50 50 50 b 50 50 P (w,

1 I 1 1 1 1 o TDT(Z)V I;DT(Z)V;DT@V;DT(ZTV )4'3 400 Gevpr(w/) VVDT(MZT)A4OOG

Wy Wy o, *H <H " p2e 0Gey, 0 Gey, >20Gey, 720Gg), 0 Ge), "% Gey, Y
! 150 L oW Sc, » 0 LN Oy 2y v
V,O W, r '525 G tT ; Tpre,)‘ 95 G
T osos ol S S 25 ey
OGG,/ G Gey,
Eur. Phys. J. C 81 (2021) 178 HIG-20-001

20.01.24 27th Mini-workshop on the frontier of LHC 13



https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-001/index.html
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html

O Higgs-VV couplings measured based on

the Effective Field Theory approach v
O CP structure is explored with the Optimal v HVV
Observable (OO)
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| Anomalous couplings and CP structures in CMS

U Amplitude of HVV(ZZ, WW, Zy, yy and gg) are parameterized as
( a and k can be translated into EFT coefficients)

A(HVV \A% KYV‘J%+K¥V‘J% 2 % _* VV x(1) ex(2uv | VV x(1) z5(2)uv
( )~ |a; " + ( VV)2 my1€vi€va +ay fur ' f a3 fu ' f |
A
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CP-odd
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CMS: Phys. Rev. D 104, 052004 (2021)
19.01.24 27th Mini-workshop on the frontier of LHC 16



https://doi.org/10.1103/PhysRevD.104.052004
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Anomalous couplings and CP structures in CMS

H41+ Ht"1t are combined to constrain CP-even : Cog = — 2730‘ as®,
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https://doi.org/10.1103/PhysRevD.108.032013
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https://doi.org/10.1140/epjc/s10052-023-11583-y
https://doi.org/10.1007/JHEP06%282022%29012

Hadronic CP Discriminant
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New Possibilities for H-top CP structures

Combine H-top results with ggH coupling measurements

i S
T -
T > 3w

Os =} (¢'9) (Q1) 4,

Oga = 7 (#0) GG,

O = yi9s(Qo** T4t)$G1, .
JHEP 10 (2016) 123
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https://link.springer.com/article/10.1007/JHEP10(2016)123

New Possibilities for H-top CP structures

CP dependence via EW NLO corrections

U Bkg becomes signal :
with increased precision, electroweak NLO

corrections become important.

L EW NLO corrections can depend on Higgs CP
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Phys. Rev. D 104, 055045 (2021)
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https://doi.org/10.1103/PhysRevD.104.055045

Higgs couplings to 2"d fermions

Letos
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0 lepton
Exp.= 40 x SM
Obs.= 35 x SM

1 lepton
Exp.= 60 x SM
Obs.= 50 x SM

2 lepton
Exp.= 51x SM
Obs.= 49 x SM

Combination
Exp.= 31x SM
Obs.= 26 x SM
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Eur. Phys. J. C 82 (2022) 717

Combined
Expected 7.60
Observed 14.4

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet
Expected 19.0
Observed 13.9

oL
Expected 12.6
Observed 18.3

1L
Expected 11.5
Observed 19.1

2L
Expected 14.3
Observed 20.4

AR BRI AP B
(0] 5 15 20 25

B 68% expected
----- 95% expected

0%
95% CL limiton p

40

VH(H - ¢T)

O 1.1 <[k |<5.5 at 95% CL
Phys. Rev. Lett. 131 (2023) 061801
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https://doi.org/10.1140/epjc/s10052-022-10588-3
https://doi.org/10.1103/PhysRevLett.131.061801

yf/” Higgs decay to charm quarks

CMS s, (13Tev :
Z120F ocorrmoer |+ Daa | e W 0 More boost regime:
~ i epDouble . Z(cc) {bb) 1
g 10 P[;ess:;z RzlgI:n . Z(0b) : :(Eg; - pT > 450GeV
o I Z(qc]l)‘ Other | . .
B groef - - O Observed (expected) upper limit
s pzes =10 o =94 corresponds to 47 (39) X SM
srotf ' O Observed Z—cc signal strength is
| 1.00 £%17, (syst.) £ 0.08(theo.) +
O 0'06(Stat')
o N Bkg. unc. ]
=108 B Phys. Rev. Lett. 131 (2023) 041801
51 o :
40| I lSIDI ‘ ISID‘ ‘ I1l'IJOI ‘ 1%0 I I‘lfIlOl ‘ I1é0I I ‘1é0‘ l .200
Jet mgp [GeV]
O Another possibility on-going is to
o(he)=A+B-y.+C -2 . .
. , ==l n search for H+c associated production
g . /
) \\\h () . .
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https://doi.org/10.1103/PhysRevLett.131.041801

Compact Muon Solenoid

Process

Higgs decay to charm quarks:

Higgs+y production

Higgs couplings to light quarks are also

Events /bin

o
S

rCategory 0 jet :
[-ategory 0 i Il Top Nonprompt y

—+Data // Stat @ Syst

Fm,, < (20,150] ém,,yeuso‘zso]; iy < (25029) -

53
=]

oan

Data/Exp.

W investigated in Higgs+y production
w 150E:MS i . . 138 b (13 TeV) ‘ . 138 b (13 TeV)
Postfit WWy SHE . M . Wiy . M - Wiy
[ oW Nonprompt / Y Nonprompt /

Events /bin

M Top Nonprompt v
—+Data _/ Stat @ Syst

200

o upper limits obs. (exp.) [fb] x4 limits obs. (exp.) at 95% CL &, limits obs. (exp.) at 95% CL

uad > H+9 —epvv,y
dd = H+vy — epv v,y
ss > H+v —euv.y,y
cc > H+y —epvy,y

19.01.24

85 (67) x| < 16000 (13000)
72 (58) k4] < 17000 (14000)
68 (49) x| < 1700 (1300)
87 (67) k.| <200 (110)
arXiv:2310.05164

27th Mini-workshop on the frontier of LHC

%, <7.5(6.1)

%4| < 16.6 (14.7)
K| < 32.8(25.2)
%.| < 45.4(25.0)
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https://doi.org/10.48550/arXiv.2310.05164

Signal strength

O Expected BR: 2.17 X104

] L] L] L T ] L} L) L] ¥ l Ll L) Ll L] [ L] L] T L) ] L] L] L T ] L Ll L] L] '
ATLAS Vs=13TeV, 139fb’ H - up
Fe{Total Stat. E@Syst. | sMm Total Stat. Syst.

VH and ttH categories b ——— -4 50 +35( £33, £1.1)

ggF 0-jet categories |—#— 04 £16 ( £15, +£0.3)

ggF 1-jet categories —— 24 £12 ( £12, £03)
ggF 2-jet categories |—@— 06 12 ( £1.2, £0.3)

VBF categories - 18 £+10 ( £1.0, £0.2)

| | (02

Combined }-IH 12 +06 ( £06, _g4)

l Il A 1 1 l ' 'l 'l 1 l 1 1 A A l 1 L 1 1 l Il L 1 1 l ' 1 'l L l

-10 -5 0 5 10 15 20

137 b ' (13 TeV)

———
CMS

Combined i =1.19
— —— Combined best fit p  —
VBF-cat.| n= 1.363’;9 - === SM expectation
B 68% CcL
O,
H-cat = 06375 [ os% L
ggrieal- | k=059 m,, = 125.38 GeV
T _ 227
ttH-cat. [ w=2327 "
+3.10
VH-cat. [ n=5487 -
L | - PR T R S T T S S '
-4 -2 4 6 8

Best-fit

O One can expect the discovery of HW"p- with Run2+Run3 data

ATLAS : observed (expected) significance: 2.06(1.70)

CMS : claimed first evidence : 3.06(2.56) observed (expected)

19.01.24 27th Mini-workshop ¢ CMS: JHEP 01 (2021) 148

ATLAS: Phys. Lett. B 812 (2021) 135980



https://doi.org/10.1016/j.physletb.2020.135980
https://doi.org/10.1007/JHEP06%282022%29012

Compact Muon Solenoid

Higgs decay to Zy
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ATLAS-CONF-2023-025 + CMS HIG-23-002

Phys. Rev. Lett. 125 (2020) 221802
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https://doi.org/10.1103/PhysRevLett.125.221802

-~~~ 7 T T

- ATLAS and CMS

- LHC Run2 — ATLAS + CMS
16:_ — CMS

14 —— ATLAS

3.40

<
c
R

First evidence for H—Zy (3.40)

ATLAS-CONF-2023-025 + CMS HIG-23-002  (Surprisingly best-fit at ~2 for both
Phys. Rev. Lett. 125 (2020) 221802 experiments)
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https://doi.org/10.1103/PhysRevLett.125.221802
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Higgs potential
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Plot borrowed from talk in HHH workshop 2023
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https://indico.cern.ch/event/1232581/timetable/?view=standard

Events / 2 GeV
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Higgs potential
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SRR
r ATLAS
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V(H)

\ A
- Standard Model

[771 Allowed region assuming A3 =A4

Assuming 1 free parameter A3 = Ay = A
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Higgs potential

An alternative
potential
V( H ) Standard Model
potential
aof Higgs field value
2 in our Universe
‘°§ Current
O> 110 120 130 140 150 160 eXperImentaI
m..1GeVI “——— knowledge
e
0 1
¢
The Higgs boson turns ten
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https://www.nature.com/articles/s41586-022-04899-4

Higgs mass

CMS Preliminary

Run 2: 138 fb™' (13 TeV) — Total D Stat. Only
Run 1:5.1 fb™ (7 TeV) + 19.7 fb™' (8 TeV)
Total (Stat. Only)

4 - 1249075 () GeV

de _— 12470957 () GeV

2e2u —— 125.50%7 (=) GeV

2u2e 125.2097 (027) GeV

Run 2 125.047;7 () GeV

Run 1 == 125.60%;; (y:) GeV

Run 1 +Run2 = 125.083;; ())) GeV

1 1 I 1 1 1 I Il 1 Il I 1 1 1 I 1 Il 1 l

122 124 126 128 130
m,, (GeV)

ATLAS e+ Total Stat. || Syst. | Combination
Run1: \/s=7-8TeV,25fb~!, Run2: \/s =13 TeV, 140 fb~!
Total Stat.  Syst.

Run1 H — vy F——®—— 126.02 + 0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4/ A | 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 H — yy I-F-l 12517 + 0.14 (+ 0.11 + 0.09) GeV
Run2 H — 4¢ e 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 142 H — vy e 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run 142 H — 4( - 124.94 + 0.18 (+ 0.17 + 0.03) GeV
Run 1 Combined H—— 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined 125.10 + 0.11 (+ 0.09 + 0.07) GeV
Run 1+2 Combined 125.11 + 0.11 (+ 0.09 + 0.06) GeV
e e e e e ey by

123 124 125 126 127 128

my [GeV]

Detailed studies of the calibration of the muons, electrons and photons with the very large HL-
LHC sample have not been done yet, however it is plausible that the mass of the Higgs boson will be
measured with a precision of 10-20 MeV, assuming that with the higher statistics the analysis will be
further optimised to gain in statistical precision and that systematic uncertainties on the muon transverse
momentum scale will significantly improve with the higher statistics.

19.01.24
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Modelling of the single-Higgs

simplified template cross-sections
STXS 1.2 for the determination of the g
Higgs boson trilinear self-coupling

20.01.24

250 I

400

LHC Hicgs WORKING GROUPY

PuBLIC NOTE

Modeling of the single-Higgs simplified template cross-sections
(STXS 1.2) for the determination of the Higgs boson trilinear
self-coupling

Stage 1.2

Stage 1.2
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: 300
450
O-jet  1-jet > 2-jet oy

O-jet  1-jet > 2-jet
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BR ( HH — XXYY ) [%]

20.01.24
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I I 1 I
- ATLAS
Vs =13 TeV, 126—139 fb"

Observed

HH + H K, only:
95%: k) € [-0.4,6.3]
HH + H K, generic:
95%: k) € [-1.4,6.1]

- H K} only s

= HH K, only

= HH + H K} only
HH + H K, generic -

4._—_ ___________________________________________________________________ 7
L h
NN\ S 68% __|
0—5 0 5 10 15

K
Phys. Rev. D 108 (2023) 052003
19.01.24

-2InA

HH + H k; only:
95%: k) € [-1.9,7.6]
HH + H k) generic:
95%: Ky € [-2.2,7.7]

= H K only

= HH K, only

= HH + H K only
HH + H K, generic

95%
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https://link.aps.org/doi/10.1103/PhysRevD.108.052003

Trilinear-Higgs coupling : H+HH combination

CMS Preliminary 138 fb™ (13 TeV)
T T T T I T T T T

T T T T l T T T T | I

L Observed — single-H comb., 58+4325
[ K=Ky =Ky, =1 .

h \!
: N 68% CL(1G:
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-2 Alog(L)

— HH comb., 1.0°7]

— single-H and HH comb., 3.1?'3'3;)'0 ]

/ 95% CL (20 ]

w
I

N
I

—
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| ©
T T T

HIG-23-006
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-006/index.html

I R L L L L L L L L L L L L L L L
- ATLAS —— Observed limit (95% CL) T
Expected limit (95% CL

C VE-13TeV,126—138 101 == ettt ees

108k HH-bbT* T~ +bbyy+bbbb  E=3 Expected limit +10 =

- [ Expected limit +20 ]

B E== Theory prediction ]

= Y%  SM prediction -

10% E

-

10%¢ E
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-0. 0.5 1 1.5 2.5
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ATLAS: Phys. Lett. B 843 (2023) 137745

CMS: Nature 607 (2022) 60
HIG-23-006

Koy

CMS Preliminary 138 1b" (13 TeV)
]
3-5:_ Observed — single-H comb. 4 Best fit value ]
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://doi.org/10.1038/s41586-022-04892-x
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-006/index.html

B e e e e s e e

ATLAS — Theory prediction ]

_ -1 —Observed limit (95% CL) |
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Eur. Phys. J. C 83 (2023) 519

CMS Preliminary 138 fo (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y

Self-coupling from single Higgs

Higgs coupling without Higgs

PRL 123, 181801 (2019)

o Higgs self-coupling e Higgs-gauge quartic coupling
Growth

~(E*/A?)

q q

q q HC
—=v ﬁ
A e

involving longitudinally polarized W/Z bosons ,
Q study these effects offshell and at high energy ~ « o, t'::

~(E*/A?)

144

Ky Or

~(E*/A?)

HwH
. . KOs ?D "':: --= ~(vE/A?)
U EFT could induce energy-growing effects E

kg O }""

O,— = |H|2(9I,H*3“H, wa = WIH|2WLHV/R’

OBB = g,Z|H|2B/wB'uU’ OWW = 92|H|2wzuwa;w,
Occ = g3|H|*G4,G™, @ = |H[S,
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.181801

Higgs production rate:
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https://doi.org/10.1103/PhysRevD.102.056022
https://cms.cern/news/life-higgs-boson
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http://dx.doi.org/10.1038/s41567-022-01682-0

Trilinear-Higgs coupling from single Higgs off-shell

New off-shell effects can also be induced by modifications in the
Higgs trilinear coupling (JHEP 02 (2022) 030)
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https://doi.org/10.1007/JHEP02(2022)030

Quartic-Higgs interaction : HHH

LHC HE-LHC FCC-pp

o [pb]

10—1 E

Yiis | | -
';3/ K.3/ | | ks - . : :
-9-@--- - 1073} : L |
-~ " pp-ohhh

O 20 s0 100

Efforts on-going on ATLAS/CMS to challenge Ve eV
gomg g

HHH->4b+X!

Machine learning technics widely investigated in

U (boosted) b jet tagging

U improve combinatorials in multi b-jet final state

Run 2 expected yields:
pp—->HH: ~ 4500 events
pp~>HHH: ~ 13 events
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Trilinear v.s. Quartic-Higgs interaction
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See talk in HHH workshop 2023

o(lpp — HH) ~

{ e

. K e
e ¢

TEOTOOY

TOOTOO

~ Do+ D1 K3 + D2 K4+ D3 K3+ Pa Kaka + D5 K3 + Do K3ka + Pr Kaki + Ps K3K]

>._

K3 ereee

Kg "

} CERN-TH-2018-218

2

With the combined Run 2 and Run 3 dataset we might already be getting

close to the unitarity threshold for x4
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https://indico.cern.ch/event/1232581/timetable/?view=standard
https://arxiv.org/pdf/1810.04665.pdf
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Triggers in Run-3 for HH and HHH

U Lighter version of ParticleNet tagger deployed online (HLT)
since the beginning of Run 3
O 5-10% improvement w.r.t. DeepJet
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https://cds.cern.ch/record/2857440
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https://cds.cern.ch/record/2857440
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Delayed physics stream/data parking increase
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3HH
https://cds.cern.ch/record/2766071/files/PoS(EPS-HEP2019)139.pdf

Electroweak physics : multi-boson

L Vector boson scattering/fusion
processes probe the mechanism of
electroweak symmetry breaking

TGC vertex

U Triple/Quartic Gauge Couplings:
U search for anomalous couplings
U EFT interpretation

ST e >

(8)
(4) (6) ] (8)
Lsmerr & Loy, + E A2 0 + E 0
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
http://dx.doi.org/10.1140/epjc/s10052-020-08817-8

3
3
§
3
g
£
3

EWK physics

CMS 137 o' (13 TeV)
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CWWW /AZ —0.85 0.87 —0.90 091
cp/ A —46 45 —40 41

cww /A2 —0.43 0.43 —0.45 0.45
e/ N —23 22 —20 20

More charged aTGC results are at here Phys. Rev. Lett. 126 (2021) 252002
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http://dx.doi.org/10.1007/JHEP07(2022)032
http://dx.doi.org/10.1103/PhysRevLett.126.252002
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Phys. Lett. B 834 (2022) 137438
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HIGGS AND ELECTROWEAK | NEWS

CMS observes production of same-sign W-boson
pairs

10 July 2017

35917 (13 Tev) VBF H** — W*'W* 359! (13 TeV)

- data —Mm.=200GeV  CMS 2 300 - CMS
EWWW  wom.=6006eV  preliminary | ~ ::";:n“ expected preliminary
§ B expected 1o
expected £ 20
Al
g =
% x
Iy
-
\\\;\\#;\\u\e*\"\‘\\\\\i“‘"“““ E
0-1 T T T 1
500 1000 1500 2000 200 400 600 800 1000
X m; (GeV) m; (GeV)
q 7 q
PhysRevLett.120.081801 ¢
4
fll
[III
4 7" 4
(@)
20.01.24

Events / 25 GeV

(b)

SRELRLLE SRR BLEL R BRI NLEL L BLRLELEE
20F- ATLAS —o— Data ]
[ {s=13TeV, 36.11b" xx:::::’gg’w““ ]
- P e Non- t 3
B ///;A == e/?ynog\mmns h
151~ 7% & & -z t -
7 — er prol
E ZZ 444464 Total k?noenramy ]
10 D -]
g VAU g
2 :
%% 2 _
S H
44% . ]
(¢] 100 200 300 400 500
m, [GeV]
?  PhysRevLett.120.081801
A
e”
e”l
qI”

27th Mini-workshop on the frontier of LHC

600

3:
s
g i
A



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
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Phys. Rev. D 108 (2023) 032017

19.01.24

Electroweak physics : VBS Wy/ Zy
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Phys. Rev. D 104 (2021) 072001
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http://dx.doi.org/10.1103/PhysRevD.104.072001
http://dx.doi.org/10.1103/PhysRevD.108.032017
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http://dx.doi.org/10.1007/JHEP10(2021)174
https://link.aps.org/doi/10.1103/PhysRevLett.132.021802
https://link.springer.com/article/10.1140/epjc/s10052-023-11579-8
https://www.sciencedirect.com/science/article/pii/S0370269323007335

Compact Muon Solenoid

EWK physics : VBS polarization

CMS 137 " (13 TeV)
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Phys. Lett. B 812 (2020) 136018
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.69.2619
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EWK physics : VBS polarization
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First observation of WZ state: 7.1 (6.2)c in observation
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ATLAS LHC as a photon collider
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.052001
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LHC as a photon collider :
anomalous magnetic moment
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Phys. Rev. Lett. 131 (2023) 151803
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CMS-TOTEM Precision Proton Spectrometer (CTPPS)
is used to tag light-by-light interactions in proton collisions

LHC as a photon collider
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EWK physics : global EFT
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Top physics : four-top process

ATLAS+CMS Preliminary Vs = 13 TeV, November 2023
LHCtopWG
Oy = 12.0 722 (scale) fb o4y = 13.4 175 (scale+PDF) fb tm_'
JHEP 02 (2018) 031 arXiv:2212.03259 ' ’
NLO(QCD+EW) NLO(QCD+EW)+NLL'
Oy F1ot. (£ stat. £syst.) Obs. Sig.
ATLAS, 1L/2LOS, 139 fb” : 7 e S
JHEP 11 (2021) 118 = f 26 55 (#8755 fo 190

U sensitive to EFT operators

ATLAS, comb., 139 fb"

JHEP 11 2021) 118 s el 470 O cross section is ~20% more at 13.6
CMS, 1L/2LOS/all-had, 138 fb™ 2 (4o 410 .

PLE 844 (2023) 136075 e L TeV while backgrounds don’t scale
PLB ehs 2023 136075 = 175459 400 that much

aris slssal 0! | o 4 observation in 21SS/31 channels,

EPJC 83 (2023) 496 i 22555 (45 4 f0 610 . o .

oo aissaL wont o opportunity to revisit other channels
PLB 847 (2023) 138290 . 17.7%0 (5559 0 560

|||E|||||||||||||||||||||||

0 20 40 60 80 100 120
g [fb]
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ATLAS+CMS Preliminary November 2022
LHCtopWG
(Top) quark - vector boson operators - Individual limits Following arXiv:1802.07237

e ATLAS === ATLAS+CMS === CMS|Dimension 6 operators C; = C;/\?
CMS, tZg/tiZ [1] 138 fo~!
— CMS, tfy [2] 137 to~"
Ciz — CMS, 12 3] 780"
—————— CMS, tf + Z/W/H, tZq,tHq 4] 421071
— CMS, tf + boosted Z/H [5] 138 1o~
&n — CMS, tiv [2] 137 fo~!
(74 — CMS, tZ [3] 78 b1
Cis ATLAS, tiZ [6] 3610~
—— CMS, tZg/tiZ [1] 138"
— — CMS, ti+Z/W/H, tZq,tHq [4] 421071
—— CMS, tf + boosted Z/H [5] 138 1o~
Cw ATLAS, tiZ [6] 361"
— ATLAS, Top polarization [7] 139 fb~"
— ATLAS+CMS, W helicity [8] 20420 b~
CMS, tf and tW, BSM search [9] 36"
cu, — ATLAS, Top polarization [7] 139 o
é CMS, tf+ Z/W/H, tZq,tHq [4] 421
bW CMS, tf + boosted Z/H [5] 1381b"
Ci/9s — ATLAS, tf ¢ + jets boosted [10] 139 fb~"
— — CMS, tf+ Z/W/H, tZq,tHq [4] 421"
— CMS, tf and tW, BSM search [9] 360"
CIG —— ATLAS, ti rapidity asymmetry [11] 139 fb~"
— CMS, t dilepton [12] 36"
- CMS, tf spin correlations [13] 36fb "
dg — CMS, tf spin correlations [13] 36"

[1]JHEP 12 (2021) 083
[2] JHEP 05 (2022) 091
[3] JHEP 03 (2020) 056

[6] PRD 99 (2019) 072009
[7] arXiv:2202.11382
8] JHEP 08 (2020) 051

[11] arXiv:2208.12095 *
[12] JHEP 02 (2019) 149
[13] PRD 100 (2019) 072002

EFT format
experimental ana

oyed at different levels of

ATLAS+CMS Preliminary

LHCtopWG

= ATLAS

FCNC operators - Individual limits
= CMS

November 2022

Following arXiv:1802.07237

Dimension 6 operators C; = C;/A?

pB2) | AB2)
’CIIW + CuE ’

~(31) . A@B1
|CLW) + CuB)|
e

32
uB

23
el

~23
Cus*‘

31
Coh|

A31
uB

A13
CuW*’

A13
CuB*|

Cua

Cea

Cus
Cw

A(23)* A(23)*
o+ e

A(13)x | A(13)
|CLW) +CLB)

[1] arXiv:2205.02537 *
[2] ATLAS-CONF-2021-049 *

[3] EPJC 82 (2022) 334
[4] EPJC 79 (2019) 886 * Preliminary

[5] ATLAS-CONF-2022-014 *

ATLAS, FCNC tqy [1]
ATLAS, FCNC tqy [1]
ATLAS, FCNC tqy [1]
ATLAS, FCNC tqy [1]
ATLAS, FCNC t2q [2]
ATLAS, FCNC 124 [2]
ATLAS, FCNC t2q [2]
ATLAS, FCNC 124 [2]
ATLAS, FCNC 124 [2]
ATLAS, FCNC t2q [2]
ATLAS, FCNC t2q [2]
ATLAS, FCNC t2q [2]

ATLAS, FCNC tqg [3]
CMS, tf and tW, BSM search [4]

ATLAS, FCNC tqg [3]
CMS, tf and tW, BSM search [4]

ATLAS, FCNC tqH (H — 77) [5]
ATLAS, FCNC tgH (H — 7) [5]

EFT formalism is employed at different lev
experimental analyses

139 b1
139 fo~!
139 fb~"
139 fo~!
139 fo~!
139 fo~'
139 fo !
139 fo~ "
139 b1
139fb~"
139fb~"
139 fo~!

139fb~"
36"

139 fb~"
36"

139 fo~ "

139 b1

[4]JHEP 03 (2021) 095 (9] EPJC 79 (2019) 886 * Preliminary
[5] arXiv:2208.12837 * [10] arxiv:2202.12134 *
L ' L s L L
—4 -2 0 2 4 6

95% CL limit [TeV~?]
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-0.25

0.00 0.25 0.50 0.75 1.00 1.25
95% CL limit [TeV 2]
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Test quantum mechanics at the LHC

?

Observed Affected

"here’ “over there"
Ill. Niklas EImehed © Nobel Prize Ill. Niklas EImehed © Nobel Prize Ill. Niklas EImehed © Nobel Prize
Outreach Outreach Qutreach
Alain Aspect John F. Clauser Anton Zeilinger
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

=]
.3
I
Sl

( 1) £ 1)),

The Nobel Prize in Physics 2022 was awarded
jointly to Alain Aspect, John F. Clauser and Anton
Zeilinger "for experiments with entangled photons,

establishing the violation of Bell inequalities and ‘ \Iji > — ( IT¢> + H/T> )

pioneering quantum information science"

Nl
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Quantum tomograph

g t g t 94 t

1 do 1(

1—|—a1 Bl-él+a2B2-ég+a1a2 élcég)

cd0Qy  4n? \ / /

top polarisations + spin correlations

= full spin density matrix

U Quantum tomograph : measure Bs and Cs
O P and CP invariance under ttbar production : B, = B,= 0 and C;; = C;;
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Entanglement in ttbar

1 d 1
o _ 5(1 — Dcos @)

o dcosg
0.0
o1l ATLAS dom
02 /s=13TeV, 140 b’
oo =EEETT - -0.2
X

o B o

2

3 -0.31

[Eesoossssoosssocoossso=g

@

2 TOPQ-2021-24

&
-0.41 :

[ | —.— Limit (Powheg + Herwig7)
" LO Analvtical ---- Limit (Powheg + Pythia8)
° . o I Theory Uncertainty
- - MadGraph +MadSpin ~05 @ Data
~10—35% 500 600 700 800 300 1000 é @ Powheg + Pythia8 (hvaq)
Powheg + Herwig7 (hvq)
M{GeV] "

06 340 <myi < 380 380 < mg < 500 my > 500

Eur. Phys. J. Plus (2021) 136:907

20.01.24

D =-0.547 £ 0.002 (stat.) £ 0.020 (syst.)
D < 1/3 : a quantum entanglement marker
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://doi.org/10.1140/epjp/s13360-021-01902-1

Quantum entanglement and SMEFT

0.02
0.05
0.01
s 000 z 0.00
£-0.01 € f .
£ Four fermion operators
g —0.02 v
£-0.03 $-010
£ £
Q:-0.04 © _o1s
R \ 08, = Y8 @y T4t) @y  Taur) = Ypy — & Quumss + 3 Quusms, (2.13)
-0.06 el Om = S8, (EyTat) @Ay TAdr) = L, 05 o (2.14)
3 2 -1 0 1 2 3 3 2 -1 0 1 2 3 -
oy [N=1TeV] P IA=1Tev] tq =, Zf— @ Tag) (" TAt) = Zf— Qqu 5331 (2.15)
(b) () 0% = i (@uuTuQ) @y  Thue) = Y7, Q qu 3331 (2.16)
ok o1 Oba = St (@WuTaQ) (A" Td) = L, qu 336 (2.17)
Qq Qq 8 = 1 1
0.05 Ogs = Zia(@uT*Q) @ Tag) = Tis 1y sm — § Qpqian + 4 Loisms (2.18)
' A, 1 3
002 — B+ By — B.+B, S = Y2 (@WT401Q) (@ Tac ) = Ty 300 e — 10D e — 1000 (219)
= 0.00 — Be+Be o 0.00 — Be+By
0 Crrs w Cnn
£ £ _
£-002 o g-o0s -
() kk o — G
£ o0s Curce - Cuto JHEP 01 (2024) 148
2 A* /3 E—o.m — At /3
5-0.06 ——ATI3 3 A3
-0.15
-0.08 7
-0.20
-3 2 -1 0 1 2 3 3 -2 -1 0 1 2 3
o' IA=1TeV] o' IA=1TeV]
(d) (e)
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Entanglement in Higgs decays?

h
)
T/
0 0 0 0
o _1fo 1 e™® o
Pmnmn = 5 | g gi26 1
0 0 0 0
_i _ 126|
Uy rr(8)) = ﬁ(l+, ) +e|—,+))

Phys. Rev. D 107, 093002 (2023)

PUBLISHED FOR SISSA BY £) SPRINGER

RECEIVED: July 20, 2023
REVISED: September 14, 2023
ACCEPTED: September 20, 2023
PUBLISHED: September 27, 2023

Stringent bounds on HWW and HZ Z anomalous
couplings with quantum tomography at the LHC

22) = ———— (14—} — B100) + |—+))

V2 + 2

1 do 1

— 1 M 2 M
= = Y;" (0 A7 BLY; (6
o d0d0; ()2 [1+ALMBL M(81,01) + A2 BLYM (82, 02)

+CL1M1L2MzBL1BL2Y[],\141 (61, ‘Pl)Y[],\gz (62, 902)] )

JHEP 09 (2023)195
Phys. Rev D 107, 016012 (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.016012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.093002
https://link.springer.com/article/10.1007/JHEP09(2023)195

Summary

1 ATLAS and CMS experiments are able to

. oS Proiminary
tag processes with cross sections over ~9 .
orders of magnitude *

1 EFT interpretation is used to measure the | *.’v“&_ i ”f_ i
possible deviation from Standard Model il * L
in terms of STXS, differential cross sections ~~

O Everything could be signal :

combination between Higgs, EWK multi- R

latent 2O\ e 2

. . s ——;(.;.:ll]m—\i
boson and top is crucial ST A

Simulation Machine Learning Inference

L ML technic may help build the tool to
improve EFT/CP sensitivity
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Summary

L Higgs self-coupling is crucial and attractive topic an stemaine

1 Combination between single Higgs and multi Higgs result

Vi)

improves sensitivity

Higgs field value
in our Universe

1 HHH is also important and worth trying

 Improvements heavily rely on online/offline jet tagging
and (deep learning based) jet pairing
 Can expect to discover Hup and enforce sensitivity for Zy

0 Quantum entanglement may be a new way to new physics
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Longer term LHC schedule

In January 2022, the schedule was updated with long shutdown 3 (LS3) to start in 2026 and to last for 3 years. HL-LHC operations now foreseen out to end 2041.

2023 2024 2025

NID{ J[FIMAM] 3] 3]AS[OIN]D| 3[FMAIM] 3] 3[AlS] J[FIMAMI[3]A]S]

Run 3

D‘ND J[F]

2040 2
AM J[J|AlS] jND J|FMA Shutdown/Technical stop

Protons physics
Ions
Run 6 Commissioning with beam
Hardware commissioning

Last update: April 2023
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CcMS 138 fb~' (13 TeV) CMS ' , . . , ]
3 W z E
® Observed [] +1s.d. (stat) 12F [ 108 3
m—t1sd. (stat®syst) [ +1s.d. (syst) o O {[ ---- 4l proo i1 - - {' """ - oo -1
— +2 s.d. (stat @ syst) 0.8 095 Loos E
0.6 -
— ' Stat Syst 04 E E
Ky —-— 1.024008  $0.05 +0.05 20 F : —
L i T v g 1
| F L1.0s H1.05 A
Kz + 1.04 +0.07 40.05 +0.05 1.5 E ]
- <« 1.0F-f----- -*}-----‘-]---1.00“--- ---------------- & - 710 II- -
ey '?'i'— 1.10+0.08 006 *0.05 05 _ oo l] Ll . _
5 ok . . . . . . 1
Kq ‘i.‘ 0.92 +0.08 +0.05 +0.06 20F T t T T b v =
— E 15 Z_ M L1.0s .05 _:
Ky —*— 1.01%911 007 008
L ; € 1Of---mmmmmmmmes 41 froo ik +4--Hf------------ 4 - oo -
K —-ﬁ-— 0.99°017 1012 1012 05 0ss {[I oos |
I E 0 C L L L L L L |
K, —-— 0.92:008  +0.06 0.6 14E ' T ' ' U ' 3
. E 1'2 3 H1.05 H1.05 E
: 0.21 0.19 1.0 E_ """""""" -~ '1-00'“"" """""""" ﬂ}" .00 "_E
Ky i, 1127021 #0819 4009 3 Ll E
' e ’ . 08F Lo.os Lo.os E
— ; 06 3
K2y  —— | 165:03¢ 4031 014 0.4 £ P® 3
11 1 1 I 11 1 1 i 11 1 1 I 11 1 1 I 11 1 ] . ) 0.5 E_ 1 1 1 1 1 1 _E

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 QQQ\ \)(\\ Qé &Q ¢ Observed (stat ® syst) Stat
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& F D M Proj ( yst) | Sy
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From signal strengths to K-framework

CMS-PAS-HIG-23-007

CMS limit
<99.99% CL (5) obs.

'2'-%.0 -1.5 -1.0 05 00 05 10 15 20

Kw
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-007/index.html
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Global fit from combined STXS

HEL Parameters Definition Others profiled Fix others to SM
_ +1.53 _ +1.1T
ca x 104 cp = M Lo 103743 0.78 111
g7 A +1.59 +1.10
—1.56 —1.11
+3.20 +1.05
cg X 105 cc = mWf_G 1-43_3'00 0.27_1'05
g A +3.13 +1.03
—2.74 -1.01
+0.82 +0.69
¢y X 10 c, = _UZE 0 68_0.83 0 43—0.69
' ! A +0.83 +0.68
—0.79 —0.67
+1.03 +0.31
Cg X 10 Cq = _UZE 0 59_1'13 -0 01—0.28
! A +1.08 +0.30
—1.05 —0.28
+0.74 +0.60
cy x 10 c) — —p2ft —0.57"573 —0.75% ¢4
‘ A +0.72 +0.58
—0.77 —0.60
+4.72 +0.84
Cgw X 102 C _ _WfHW -1 45_3_03 0 77_1'20
A +3.93 +1.04
—-3.27 -1.38
+2.84 +1.06
(eww —¢p) X 10> cpyw = My fuw o 2m 2.167555 0.6271 5,
WW g AT’ B g AZ 1346 109
—5.00 -1.23

HIG-19-005

19.01.24
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
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0tma] .
—= with Co5= 1000

trrrrrrrr1r1r 111711717 1717 17T T TTTTTTTTTTTTT]
I Hoyy, Vs =13TeV, 139 fb! |

SMEFT (interference only),A = 1 TeV

[ (s =13TeV, 139 1b"
VBF H—»> WW* — evuv

1l

o
o)

do™/dAg_ [fb/rad]

G, .
- anh Cive = 216

-
.....:"_!
Y

ATLAS Hyy
JHEP 08 (2022) 027

LIS I S B B B B S

[ ] Data
Data Total Unc.

®m  SM (Powheg+Pythia8)
e ¢, 5="0.63(lin.)
_— cH§=-0.63(Iin.+quad.)
e chT/B='1 .17(I!n.)
—_— cHWB=-1.17('I|n.+quad.)
_—m—— cHW=-1 .09(I!n.)
—_— cHW=-1.09(I|n.+quad.)

60-80

Pred. / Data

—T—7/2
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120-350 , | | | |
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[©)
=

ATLAS HWW
Phys. Rev. D 108, 072003 (2023)
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[ Differential observables related to Higgs production/decay
can be used constrain SMEFT and CP structures



https://doi.org/10.1007/JHEP08%282022%29027
https://doi.org/10.1103/PhysRevD.108.072003

£ = ==ty feos(a)|fisin@ydwi ) H

2 60r 7 S CFrT T I N L
2 [ Amas ] € 150 — o - Best fit XsM o 1
B 5ol Vs=13TeV, 139 1t' . b £ 20 3
& . N S 3 .. S e L
o et : ost /]
e Data - Bkg 7 E ]
“F E o N
- b —05:_ " :“: :': '.': j: _:
20:_ _: __ B ) . SE —E
S S — . b aATLAS :
R e i (R ; - -1.50 (5=13TeV, 139 fo" =
I B e e s
Odd-like Categories Intermediate Categories ~ Even-like Categories KtCOS(OL)
O Data with background subtracted are compared with CP-even
and CP-odd signals in three categories
O categorization based on events’ CP BDT ranges
O CP mixing angle |a@|<43° @95% CL
ATLAS Hyy : Phys. Rev. Lett. 125 (2020) 061802
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https://arxiv.org/abs/2004.04545

\
Compact Muon Solenoid

CP structures in ttH+tH(HZZ41)

> |2
, Htt || ien (%, /)
69MS 7 ‘13.7Tb‘(1.3‘Te.\Q CMS S I1q7fb'j(13|TgV} cp |Kt|2 + |Kt|2 SIgN(Ky / Ky
i taata [ JuHsm - fdata [ |tHSM  HttHo4l
Gzzer e ' Hzzzr [wrgr w ] CMS 137 b (13 TeV)
| ttH | 4- —
5 W Hrone |5 B W o2 T el
) -~ i j
s | % 10 —ttHyy)  — ttH(4l)
oL 4O er . - — ttH(yy+4l)
| — ]
% 02 04 06 08 1 O—Tﬁ—_o?ﬁ
Dbkg DgH
O MELA discriminant Dy, and D,
to separate sig/bkg and CP-even/odd
O 1/t is weakly constrained by H-to-41

CMS HZZA41 : Phys. Rev. D 104 (2021) 052004
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http://dx.doi.org/10.1103/PhysRevD.104.052004
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Triple-Higgs coupling : di-Higgs
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Phys. Rev. D 108 (2023) 052003
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
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From DeepJet to ParticleNet

EdgeConv Block
k =16, C = (64, 64, 64)

 —

k-NN indices edge features

EdgeConv Block
k=16, C = (128, 128, 128)
. 4
% N
EdgeConv Block
|Charged (16 features) x25|- 1x1 conv. 64/32/32/8|—| RNN 150|— b k =16, C = (256, 256, 256)
\ J
[Neutral (6 features) x25|— 1x1 conv. 32/16/4|— RNN 50|—  Dense I::b 7
200 nodes x1, .
[Secondary Vex (12 features) A 1x1 conv. 64/32/32/8] - RNN_50— 100 nodes x7 | | © Global Average Pooling
[Cobar variaies @ teatres : v v

Fully Connected

ST lnformation is . Fu]ljet‘ E 256, ReL.U, Dropout = 0.1
RGeS | combined for information  :
PECT e each sequence combined : v
Fully Connected
Aggregation 2
-
q v
( .
\ RelU | J Softmax
&
EdgeConv block ParticleNet architecture

Jet tagging via particle clouds
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ATLAS trigger efficiency
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Main + delayed streams: e(HH—4b) =59%

4 jets (pr>80 GeV, 55 GeV, 28 GeV, 20 GeV)
with 2 b-tags (&, ~ 77%) [delayed stream]

Main physics stream: e(HH—4b) =53%

- Heavy Flavour (AUC = 0.94)
Primary & OtherSecondary (AUC = 0.92)
Pileup (AUC = 0.97)

—— Fake (AUC = 0.98)

Ratio to main

False Positive Rate
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults
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EWK physics : VBS

10 T | | |
OBorn (a) -
pb 107 |- (b) ------ 1 VBS
Lo | (a)+((z))i(8 """ e | (a) only triple-gauge couplings
(b) only quartic-gauge couplings,
8 —_— /// — . . . .
10 (c) diagrams involving Higgs bosons.
100 | _
104 _ //// | o B ,,/"""_ tagging jet
102 e
100 MH =100 GeV tagging jet
| | ] ]
200 500 1000 2000 5000 10000 +/s/GeV
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EWK physics : VBS WZ/WTW-

Observation : PLLB 841 (2023) 137495 Evidence WV->lvqq
Phys. Lett. B 834 (2022) 137438
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http://dx.doi.org/10.1016/j.physletb.2022.137495
http://dx.doi.org/10.1016/j.physletb.2022.137438
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Top in AA/pA collisions

Find First Evidence for Production of Top Quarks in Nucleus-Nucleus Collisions

pp, 19.6 fb™, ({s=8 TeV) cT10 CMS
(8.16 TeV)

I+jets EPJC 77 (2017) 15 —_— NNLO+NNLL Top++

el JHEP 1608 (2016) 029 -

Electron

pPb, 174 nb™, (s,=8.16 Tev) i (cnmEPsog) Ko o+

. NLO MCFM

CT14+EPPS16
l+jets —e i NLO MCFM )'KNNLO ~~~~~ (Top++)
uw+jets —f3—
e+jets

Exp. unc.: stat stat@syst
—fe3—1

Th. unc.: pdf pdf @scales

oo Lo e L Lo 1y
0 20 40 60 80 100

o [nb]

CMS

PbPb, 1.7 nb™, ({syy = 5.02 TeV)
2los+Ny 0 ——x

||||| CT14 NNLO xEEPSIENLO

Probes of nuclear-PDFs o, o
and the properties of the quark-gluon plasma N
(scaled by A%) NNLO+NNLL TOP++

NNPDF30 NNLO

PhysRevLett. 119 (2017) 242001 i, — NERIS.

Exp unc: stat, stal®syst
—fo3—

Phys. Rev. Lett. 125 (2020) 222001 T et

| IS TR TR [N TSR S NN SO ST S M
0 2 4 6

ATLAS-CONF-2023-063 o _ GB[ub]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.242001

Test quantum mechanics at the LHC

Spin-Correlation

Non-separability

Separability

0l

lll. Niklas ElImehed © Nobel Prize lll. Niklas ElImehed © Nobel Prize Ill. Niklas EImehed © Nobel Prize
Outreach Outreach Qutreach

Alain Aspect John F. Clauser Anton Zeilinger

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

%)

7( 1) £ 1)),

The Nobel Prize in Physics 2022 was awarded
jointly to Alain Aspect, John F. Clauser and Anton
Zeilinger "for experiments with entangled photons,

establishing the violation of Bell inequalities and ‘\I!j:> g ( IT¢> -+ ‘\LT> ) .

pioneering quantum information science"

V2

Phys. Rev. Lett. 130(2023) 221801
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.221801

Bell inequalities at the LHC

When the Machine Chimes the Bell:
Entanglement and Bell Inequalities with Boosted ttbar
https://arxiv.org/abs/2305.07075

LHC Projections

S

Helicity basis ot
@ Bell/CHSH inequalities:  Bi = [Crr — Crnl = V2> 0. 0y quank aivcton il
B2 = |Ck:k + C’r‘r| _ \/5 > 0.7= sign(cos 0)(p — cos Ok)/ sin 6 ) Beam axis P
a=kx# t -
1.5 1.5
mi>1.3TeV  —s— Expected mi>13TeV  —s— Expected
|cosBem| < 0.2 50 |cosBcm| < 0.2 50
1.01 20 1.01 20
~ 0.5 N 0.5
g W : //\/\w
0.0 == 0.0 +---- =
—0.51 —0.51
103 103
L [fb_l] r [fb—l]
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https://arxiv.org/abs/2305.07075

Resonant new physics

There is still room for resonant new physics in the top sector.

A (pseudo)scalar heavier than 2m; is particularly
interesting, and challenging to detect in m; resonance

searches.
talk from TOP2023
20.01.24

LHC

2.5

' Excluded by a
| resonance search

Htt coupling
£ — o

=
&)

0.0!

04 05 0.75
Maitoni, CS, Tentori, Vryonidou mH [TeV]

in preparation
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https://indico.cern.ch/event/1233341/timetable/?view=standard

LV/NC at the LHC

Lorentz transformation: Lorentz-violating Standard Model Extension (SME):
Motivated by String theory or Loop quantum gravity

Add all Lorentz-violating operators to the SM Lagrangian
Tested in many sectors, but only once with top quarks (DO,
PRL 108 (2012) 261603)): precision O(10%)

1._ -
Love = 5_@(’)’” + u T @ 57;4)?1/)1!’ —mpip,

T* = AT
- Rotations
- Lorentz boosts

SME coefficients: constant matrices (Lorentz-violating)
Indicate preferential directions in spacetime

Report the measurement in the Sun-centered frame:
CMS frame is rotating daily around the earth Z-axis,
=> modulation of the top-antitop cross section with

sidereal time

Rotation period of the earth lasts ~23h 56min 4s (UTC
time ~UNIX time), or 24h, 86400 s (sidereal time)

from at Probing space-time properties (LIV/NC) at HEP experiments
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https://indico.cern.ch/event/1261662/timetable/?view=standard

ML in EFT

Simulation-based inference

[Brehmer et al.,1906.01578,1805.12244,1805.00013,1805.00020,1808.00973,1907.10621]
[Brehmer et al.,1805.00013]

parameter 0 H )
l R ®OT 0,
observable ! 5% 74 J
latent 2 )>>>\>>{:;_# | T — 2 '/
.\‘ —r(z, z|0) :
: i ~ argmin L[g] — 7(z|0) —»
e AL i f(12|()) 9 approximate
augmented data likelihood

ratio 0 :
Simulation I Machine Learning Inference

Matrix element information
Example applications:

* Allows to extract the full available information * ttH - ~ 35% better limits on CP phase than
(maximal sensitivity). from 2D histogram.

¢ No information loss due to binning [Barman et al.,2110.07635;HB & Brass 2110.10177]
(as for BDT analysis). . o

* No approximation of shower and detector effects * WH — ~25% better limits on cgyy than from

2D histogram [Barrue et al., 2308102882]

from talk at The 20th Workshop of the LHC Higgs Working Group
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