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The Standard Model: a tale of symmetrie’s
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LHC run 3

era of experimental beacons and theoretical intuition

anomaly clarification: g-2, LFU and CP

Higgs and top phenomenology

precision vs anomaly detection




anomalous muon magnetic moment

S : — Alex’s and Andreas’ talks
» general decomposition of three-point QED vertex
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new physics predominantly in muons, but large modification means
either strong coupling or light states




anomalous muon magnetic moment

— Alex’s and Andreas’ talks
» combined experimental and theoretical effort

[Abi etal. (Muon g-2 collaboration) *21]

Theory White Paper
[Aoyama et al. 2006.04822]
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» comprehensive investigation already after BN L

Single field SM extensions

Model | Spin | SU(3)c x SU(2)r x U(1)y
1 0 (1,1,1)
2 0 (1,1,2)
3 0 (1,2,-1/2)
4 0 (1,3, 1)
5 0 (3,1,1/3)
6 0 (3,1,4/3)
7 0 (3,3,1/3)
8 0 (3,2,7/6)
9 0 (3,2,1/6)
10 | 1/2 (1,1,0)
11| 1/2 (1,1,-1)
12 | 1/2 (1,2,-1/2)
13 | 1/2 (1,2,-3/2)
14 | 1/2 (1,3,0)
15 | 1/2 (1,3,-1)
16 1 (1,1,0)
17 1 (1,2,-3/2)
18 1 (1,3,0)
19 1 (3,1, -2/3)
20 1 (3,1,-5/3)
21 1 (3,2,-5/6)
29 1 (3,2,1/6)
23 1 (3,3, -2/3)

[Athron etal.” 21]

Result for AaPNE Ag20%1

’------------

new physics?

» difficultin good old
type /11 models

[Cherchigliaetal. * 16]
[Atkinson etal.” 21]

7-t-bosonicloop
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new physics?

» comprehensive investigation already after BN L

Single field SM extensions

Model | Spin | SU(3)c x SU(2)r x U(1)y
1 0 (1,1,1)
2 0 (1,1,2)
3 0 (1,2,-1/2)
4 0 (1,3, 1)
5 0 (3,1,1/3)
6 0 (3,1,4/3)
7 0 (3,3,1/3)
8 0 (3,2,7/6)
9 0 (3,2,1/6)
10 | 1/2 (1,1,0)
11| 1/2 (1,1,-1)
12 | 1/2 (1,2,-1/2)
13 | 1/2 (1,2,-3/2)
14 | 1/2 (1,3,0)
15 | 1/2 (1,3, 1)
16 1 (1,1,0)
17 1 (1,2,-3/2)
18 1 (1,3,0)
19 1 (3,1, -2/3)
20 1 (3,1,-5/3)
21 1 (3,2,-5/6)
29 1 (3,2,1/6)
23 1 (3,3, -2/3)

[Athron etal.” 21]

Result for AaPNE Ag20%1

'----------------

» difficult in good old
type /11 models

[Cherchigliaetal. " 16]
[Atkinson etal.” 21]

» lepton specific / flavour
aligned possible: tau
final states atrun 3
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new physics?

mula-field SM extensions

(SUB)e x SUR)L x U()y )spin | +22 Result for AaPNE Ag2021
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[Athron etal.” 21]



new physics?

mula-field SM extensions

(SU(3)C X SU(Q)L X U(l)y)spin —|—ZQ
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[Athron etal.” 21]

Result for AaPNE Ag2021



new strongly coupled physics?

» way out of perturbative conundrum a la composite Higgs?

weak

“

Jull (mudi-)loop calculations

many examples in literature
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new strongly coupled physics?

» way out of perturbative conundrum a la composite Higgs?

Jull (mudi-)loop calculations

many examples in literature

Lffective field theory of BSM states
» elevate g-2 to input data (already for SMEFT) [Acbischer ctal. " 21]

New physics scale ‘/ \‘ mu/e Higgs
in principle ~ 200 TeV decays + CKM

[Allwicher etal. “21] Clrlghano etal.” 21]




new strongly coupled physics?

» way out of perturbative conundrum a la composite Higgs?

Jull (mudi-)loop calculations

many examples in literature

Lffective field theory of BSM states
» elevate g-2 to input data (already for SMEFT) [Acbischer etal. *21]

[Allwicheretal. " 21]
» address SM shortcomings beyond g-2 [Cirigliano etal." 21]

» reflect how any integrated out dynamics affects correlations




new strongly coupled physics?

minimal example: Zee-Babu SM extension
[Anisha et al. “21] neutrino

S physics etc.
R (11

e

o M2 i
aff(Zee-Babu) :@ L ( (fS fS)'u’u .o [Levillceral @l

[Moore etal. " 85]




new strongly coupled physics?

» minimal example: Zee-Babu SM extension
[Anisha et al. “21] neutrino

S physics etc.

.o [Levillceral @l
[Moore etal. " 85]

» negative result can be compensated by kinematically enhanced loop

dynamics and/or strong couplings....




new strongly coupled physics?

» minimal example: Zee-Babu SM extension
[Anishaetal. " 21] neutrino

S physics etc.
Rl 1.2

e

~ 172 t
a$*(Zee-Babu) :@ = ((f 5J8)un +4( e.g. [Leville etal. * 78]

2
Mhi [Moore etal. " 85]

A? x aiG’rii(Zee—Babu) =

)MH+fRM/%U2(C£¢R)MH e My
2m2 M2, , =\ 1

+fRM3U(CR£e)u,u % . M, .++ fRMZv*Corp
e 2\ 120202, ,

SEgtE o

» negative result can be compensated by kinematically enhanced loop

dynamics and/or strong couplings....




new strongly coupled physics?

» relatively low cut off can be consistent with TeV scale exotics

» many interactions! But muon-Higgs-exotics interplay transparent

Higgs decay

Direct production

and decay for h* and

T:I::I:

Anomalous muon
magnetic moment




new strongly coupled physics?

Excellent opportunity for HL-LLHC to close sensitivity gaps!

muon magnetic moment

| Fermilab

Fermilab

ECFA Higgs signal strength (@ 3/ab

doubly charged Higgs pair production (@3/ab

18



Q

’------.

hunting new physics in Run 3

coupling/scale

separated BSM physics

Effectwe Field Theory

Cq
£:£8M+ZFO

[Buchmiiller, Wyler * 87]
[Hagiwara, Peccei, Zeppenfeld, Hikasa * 87]

[Giudice, Grojean, Pomarol, Rattazzi * 07]
[Grzadkowski, Iskrzynski, Misiak, Rosiek * 10]

19

. concrete models

» extended SMEFT

D

(C) Higgs portals
2HDMs

NS

W%

simplified models

I B B 0 e L e e Y S B BN

» compositeness....
$



hunting new physics in Run 3

coupling/scale

separated BSM physics

Buchmiiller, Wyler " 87]
Hagiwara, Peccei, Zeppenfeld, Hikasa "~ 87]

Giudice, Grojean, Pomarol, Rattazzi * 07]
Grzadkowski, Iskrzynski, Misiak, Rosiek ™ 10]

rich kinematical 4

structure

20

. concrete models

» extended SMEFT

D

(C) Higgs portals
2HDMs

NS

W%

simplified models

I B B 0 e L e e Y S B BN

» compositeness....



1cal
[Stitter]

[TopFitter]
[GFitter]
[SMEFiT]

tal

ownership @ R3

[Ellis, Sanz, You]

EXperimen

major theoret
focus post 2012

proof-of-principle
case + NLO tools

EFT@Run-3
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B Top + Higgs + VV, Linear NLO EFT

W Individual

] B Top + Higgs + VV, Quadratic NLO EFT
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EFT to inform theory

» new top-philic states arise in many BSM theories: — (¢strtrS + h.c.)

» top pair production with large cross section could fingerprint such

States -
AL
- >

Nno resonance

3 relevant operators

2



EFT to inform theory

new top-philic states arise in many BSM theories: — (cstrtrS + h.c.)

top pair production with large cross section could fingerprint such

States -
AL
- >

Nno resonance

3 relevant operators

EFT is suitable tool to constrain such states model-independently,

however matching is crucial!
(Oyq), ren. Q)

b

Q’ +

0% e =03
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» EFT is suitable tool to constrain such states model-independently,
however matching is crucial!
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» BEFT 1s suitable tool to constrain such states model-independently,
however matching is crucial and so are expected uncertainties

1000 1500 2000 2500 3000 3500
ms [GeV] [CE, Galler, White " 19]
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» BEFT 1s suitable tool to constrain such states model-independently,
however matching is crucial and so are expected uncertainties

reduction of

uncertainty crucial
for Run 3

Ot

1000 1500 2000 2500 3000 3500
ms [GeV] |CE, Galler, White " 19]

26



LHC Run 3

/\

»  [oops/legs/resummation »  robust BSM classification

[Czakon, Mitov "~ 13]...
» tops (@N2LO

[Anastasiou etal. * 15]...

» Higgs @ N3LO

[Borowka etal. * 16]...

» data driven techniques

» machine learning

~-----------’
'------.
~-----------’

[ |
|
|
|
|
|
|
|
|
|
|
|
s

» anomaly detection

HI-TLHC
Sensitivity




improvements beyond fits?

» prime example Higgs+2j, m=c SM limit accidentally good, NLO in
EFT limit

do /dpr, [fb/10 GeV]

10"

1072 |

1073 |

[Del Ducaetal. " 03]
[Campbell, Ellis, Zanderighi *~ 06]

pp— Hjy

SM, /s = 13 TeV
¢g =0.1,¢ =02 ——

competing new physics effects -

expected uncertainty
“go0d” scale choices

28



multi-scale processes to inform EFT fits

» prime example Higgs+2j, m=c0 SM limit accidentally good, NLO in

[Del Ducaetal. " 03]
[Campbell, Ellis, Zanderighi *~ 06]

EFT Limit

- SM background (u =)
- SM background (1 =g, /2)
----- SM background (=2 )
— signal + background (u =p,) c, =—0.6

—
=

—
R

—
=

[without adversary]

Number of Events (normalized)

pp—>hjj ]
observables: p/', Ohij

c, =0.27 |

Neural Network Score

00 01 02 03 04 0.5 06 07 08 0.9 10

Number of Events (normalized)

oo

(®))

D

o

N

- SM background (p =)
- SM background (u =y, /2)
------ SM background (x=2y,)
| = signal + background (u =) Cy =—0.6

9]

w

N

—
T

[with adversary]

pp —hjj
observables: p/', Ohij

c, =0.27

0.0 0.1

02 03 04 05 06 07 08 09

Neural Network Score

» include uncertainties to the selection of BSM-discriminating phase

SPACC I‘CgiOnS: most robust SenSitiVity [Goodfellow et al. " 14] [Louppe, Kagan, Cranmer " 16] ...

1.0
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hunting new physics in Run 3

coupling/scale

separated BSM physics

Buchmiiller, Wyler " 87]
Hagiwara, Peccei, Zeppenfeld, Hikasa "~ 87]

Giudice, Grojean, Pomarol, Rattazzi * 07]
Grzadkowski, Iskrzynski, Misiak, Rosiek ™ 10]

model-independent 4

CP violation

30

*"concrete models

~

» extended SMEFT

» (C) Higgs portals
» 2HDMs

» simplified models

ol EEE NG N O S B B .
I B B 0 e L e e Y S B BN

» compositeness....



[ATLAS, 2006.15458]

Higgs CP violation

0.3 |[Gus [ A7= LB ToV™ B i » asymmetry-based
0.0 ; ; measurement in elw
_ i ATLAS Simulation I Vs =13TeV, EW Zjj-lljj - » >
0.3 i ASSmulalon | veshaman ez /+2jet production
03 Euwe / N\?> =1.8 TeV—2 i i
| | | ~L_ | » symmetric CP even
0.0 : : -
| | T effects cancel
03 | | |
2372032725000 TRRRIIACRRERtnNtE: b very challenging to
SrEREaT omEET combat fluctuations
mj; [TeV]  |Ayj) pr [GeV] Ag;;
Wilson Includes 95% confidence interval [TeV=>] p-value (SM)
coefficient | Myggl|? Expected Observed
: . . cw | A* no [-0.30, 0.30] [-0.19, 0.41] 45.9%
sign for hierarchical e Gt —
: fw [ A no [-0.12, 0.12] #7[-0.11, 0.14] 82.0%
n h 1 n CW/ ) ‘ )
CW PHysICS bCyO d yes [-0.12, 0.12] § [-0.11, 0.14] 81.8%
the SM ? cawg/A2 no B0 S ,, 29.0%
yes [-3.11, 2.10] _4*6.31, I"O1 25.0%
cawn /N no [—1.06, 1.06] [0.23, 2.34] 1.7%
yes [-1.06, 1.06]% [0.23, 2.35] 1.6%
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[ATLAS, 2006.15458]

CPviolation in ATLAS

Wilson  Includes 95% confidence interval [TeV™2] p-value (SM) » ATLAS SECE tCﬂSiOﬂ
coefficient | Mgg|? Expected Observed : : :
cw A2 no —0.30, 0.30] [=0.19, 0.41] 45.9% related to CP violation in
yes 31, 0.29]  Lo=t9=0-41] 43.2% :
G N2 no —0.12, 0.12] £f [-0.11, 0.14] 82.0% WBEF Z PI'OdUCUOIl
yes ~0.12, 0.12] \ [-0.11, 0.14 81.8% : ; :
caws/AZ 1o 45,2.45] | 290%  » sign for hierarchical new
yes 11, 2.10] 25.0% :
Eaws /A no ~1.06, 1.06]ff [0.23, 2.34] 1.7% thSICS beyond the SM ’
yes ~1.06, 1.06]\ [0.23, 2.35] 1.6%

» what can be learned from this for Run 37

Hierarchy|@ = |/ |G| /A pred

[Das Bakshi etal. * 20]

Assumptions of two-parameter CP fits theoretically
consistent in a wide class of vector-li

e leptons

1cted 1n these scenarios

broad UV assumptions reduce complexity of fit whilst
facilitating matching more straightforwardly

52




= Andreas” and Ben'’s talks LEU violation: non-trivial BSM flavour

- . BaBar MDM varying git, 9,,=1.5
0.1 < ¢*<8.12 GeV*/¢? B L T
N . Belle 7
§ 1.0 < ¢* < 6.0 GeV*/¢* 5-
e LHCb 3 fb"! i
: 1.1 < ¢* < 6.0 GeV*/c* 4
—— ] LHCb 5 b Ml 1
: 1.1 < g% < 6.0 GeV*/ ¢t > 3¢ LH(.? pp->uY
e LHCb 9 b Iy & 05 ©
1.1 < ¢* < 6.0 GeV*/¢* 211 : . <
L | 1 3 M N 3 3 | 1 M i :.'__:__ /;Ji?:: _________ 025 g
0.5 1.5 IRy & =
Ry i <i
[LHCb, 2103.11769] ;{j ---------- 01} ]
O; ‘ -""’"'; L :T'T"""'""\"T'T'T""'\"""""'T'T"‘"" """" ?’
[Altmannshofer et al_. ‘01 7] Dark photon 908 MeV 5 10 15 20 25 30
42207 Al T M, [TeV]

0.8F

» scenarios can be tested
at LHC (and future
high-energy colliders)

0.6

04F

021 95% CL exclusion |
~---B—K*eTe™ |
i (x2y) =5.2(15.8) —=—B—K*up
0.0 B Xmin Xsp) 702000 T IR
0 400 800 1200

K 5



= Andreas” and Ben'’s talks LLEU violation: non-trivial BSM flavour

- . BaBar “NEEANG) .« MDM varying gy, g,,=1.5
: I e N R e A e B —————— e T P R RS
N . Belle
§ 1.0 < ¢* < 6.0 GeV*/¢*
e LHCb 3 fb! f
: 1.1 < g% < 6.0 GeV?/c* 4-
—.— | LHCb 5 fb" M 1.
: 1.1 < g% < 6.0 GeV*/ ¢t S 3 |LHG pp-upy :
—o—t LHCb 9 fb’! |~ S 05) o
1.1 < g* < 6.0GeV*/c* 2f F o <
L | 1 1 1 1 1 1 1 1 1 - :.'__:__ /;Ji?:: _________ 025 g
0.5 1.5 A Y =
R, s 7 <i
[LHCb, 2103.11769] /S Ll o
QLT |
[Alumannshofer ctal. 17 Dark photon oty 5 10 15 20 25 30
4 2107 F=0 s . Mz[TeV]

0.8F

» scenarios can be tested
at LHC (and future
high-energy colliders)

0.6

04F

0.2F 95% CL exclusion |

-——— B K*ete™ |

0000  s00 1200

K 34




LLFU and Higgs sector extensions

[Atkinson et al. " 20]

R(D)

R(D®) = B(B — DYri,)/B(B — D™ (i)

mpy+ = 2340 GeV,
mpo = 2380 GeV, m 40 = 2390 GeV

All observables excl. Ry

+125 GeV Higgs data PR P —




lowering Higgs masses for Run 3

» large interference effects of Higgs “signal” with QCD background

[Gaemers, Hoogeveen " 84] [Dicus etal. * 94] [Carena, Liu " 16]...

X
—
10
w

——T T
ATLAS Simulation
\'s =8 TeV, 20.3 fb’’

Parton level; before selection
m, = 500 GeV, tanf} = 0.68

o N B~ O O

=
)
O
o
+~~—
~~
(7))
e
C
)
>
LL

[ATLAS " 17]
PR R N N TR T TN R N SN TR TN TR NN T SH RN TN NN R TN NN RN NN R

0 400 500 600 /700 800

m. [GeV]

OII

» top resonance searches in Higgs sector extensions with narrow
width approximation is inadequate!




special role of top quarks

» destructive interference in top final
states can be correlated with HH
enhancement

» phenomenologically viable regions
with compressed spectra:
signal-signal interference

694 GeV+intf. —— .| 694 GeV+intf, ——

691 GeV-tintf, —— ' | | | | 691 GeV-intf, ——
691 GeV J-l 691 GeV

[Basler, Dawson, CE, Miihlleitner " 19]

400 500 600 700 800 900 1000 600 700 800 900 1000
m(tt) [GeV] m(hh) [GeV]

do /dm(tt) [fb/GeV]
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LHC Run 3

era of experimental beacons and theoretical intuition

anomaly clarification: g-2, LFU and CP

» more dala
» complementary search strategies

Higgs and top phenomenology

» concrete UV extensions vs £FT
» fut strategies ready to go
» mult-Higgs final states in better reach

precision vs anomaly detection

» new strategies, machine learning,...
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