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New Physics Beyond the Standard Model
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'Where are we?

Summary of the Standard Model

« Particles and SU(3) x SU(2) x U(1) quantum numbers:
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Hierarchy problem

S1ze & age of Universe
* Quantum gravity
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LHC Measurements

CMS Preliminary

June 2021
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i 7 TeV CMS measurement
i 8 TeV CMS measurement

i 13 TeV CMS measuremen
- Theory prediction
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Th. Ac, in exp. Ac



It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?
— 35.9-137 fb' (13 TeV)
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... to make an end is to make a beginning.

The end is where we start from.
T.S. Eliot, Little Gidding




Everything about Higgs 1s Puzzling

L = yHyy + ,“-2‘H|2 — )‘|H"ﬁ1 — Vol[* -

|« Cosmological constant term V,:

 Pattern of Yukawa couplings y:
— Flavour problem

* Magnitude of mass term i

— Naturalness/hierarchy problem

| Magnitude of quartic coupling A:
— Stability of electroweak vacuum
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Parameters of the Standard Model

~|» Higgs sector:

* (Gauge sector:
_ 3 gauge couplings: g3, £,, &
— 1 strong CP-violating phase
* Yukawa interactions:
— 3 charged-lepton masses

— 6 quark masses 7%
— 4 CKM angles and phase Zis

Unification?

Flavour?

— 2 parameters: U, A

=« Total: 19 parameters




Naturalness of hierarchy of mass scales jyu

- * Each 1s quadratically divergent: fAd4k/k2
= Y
a Amy, = — 16;' 51 IA2 £+ 6m?2 PIn(A/my) + ..
- A-‘Z—AS[\Z 2m% In(A /myg)
= My = 1o 5! mgIn(A/mg) + ...]

~|* Leading divergence cancelled if
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What lies beyond the Standard Model?

Supersymmetry

- New motivations

Stabilize electroweak vacuum From LHC Run 1

Successful prediction for Higgs mass
— Should be < 130 GeV in simple models

Successtul predictions for couplings
— Should be within few % of SM values

Naturalness, GUTs, string, inflation, dark matter, ..
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‘Should 1t have Collapsed already?

Fluctuate over barrier Not 1f
o in the early Universe? infinite wall:

Bl We are here / / ~ Supersymmetry?
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Theoretical Constraints on Higgs Mass

« Large M, — large self-coupling — blow up at low-
energy scale A due to renormalization

: B A(v) 34 | -
s Q= 2:A(v)log & AMQ) = Av) 27254 Og% %
: * Small: renormalization |\ A Instability @
j due to t quark drives e
| quartic coupling <0 |- - =
- at some scale A 5_::; Ff
| — vacuum unstable 'ff) sl =

RGE scale yin GeV

m F R

e Vacuum could be stabilized by Supersymmetry
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| Vacuum Instability in the Standard Model

e Sensitive to o, as well as m, and My
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|+ Instability scale:
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180 Andreassen, Frost & Schwartz, arXiv:1707.08124
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Too large decay rate (y>HE) |
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Instability during Inflation?

Do inflation fluctuation
20 ———r—————————————r————r————r —
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|+ Then Fokker-Planck evolution
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'* Big Crunch probably eats us!

— Disaster if so .
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.the dzrect methad may be used but I
indzrect methods will be needed in order to §
secure victory....”’ |

IN “The direct and the indirect lead on to each Eikss
"W other in turn. It is like moving in a circle....” -

Who can exhaust the possibilities of their
combination?”

Sun Tzu, The Art of War
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Effective Field Theories (EFTs)

a long and glorious History

'ﬁﬂ

. Chiral dynamics of pions: (Onon)nn clue = QCD ‘

e 1930’s: “Standard Model” of QED had d=4 : <

* Fermi’s four-fermion theory of the weak force
* Dimension-6 operators: form =S, P, V, A, T? ><

— Due to exchanges of massive particles?

e V-A = massive vector bosons => gauge theory >\/\/\/\/\< =
W  ;

- * Yukawa’s meson theory of the strong N-N force

. pld\ — |
— Due to exchanges of mesons? => pions j\ =
(4 | -
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Standard Model Effective Field Theory

a more powerful way to analyze the data

* Assume the Standard Model Lagrangian is correct
(quantum numbers of particles) but incomplete

* Look for additional interactions between SM particles
due to exchanges of heavier particles

* Analyze Higgs data together with electroweak
precision data and top data

* Most efficient way to extract largest amount of
information from LHC and other experiments

e Model-independent way to look for physics beyond
the Standard Model (BSM)
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JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

Summarize Analysis Framework

—* Include all leading dimension-6 operators? W—

2499

&
LsMEFT = L£8M + Z POI‘

1=1

'» Simplify by assuming flavour SU(3)> or
SU(2)? x SU(3)? symmetry for fermions
(maybe there is something special about top quark?)

|» Work to linear order in operator coefficients,
i.e. O(1/A%)

i o Use GF, MZ, oL as 1nput parameters ;
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Dimension-6 Operators 1n Detail

X3 HY and H*D? V2H?
(0 [ 7P raras] || _Ou (H'H)* (H'H)(lper H)
O UGG GY ,,] [Ouo (H'H)O(HH) ) ] ol (H'H)(Gyu, H)
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| SU 3 5 : O((:::] ((II)AHI(II)( AI"[!) Ouu (UP )(&s “uf) O!u ‘T :
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s e
Operators included in Global Fit

20 operators n ﬂavour—umversal SU(3)5 fit

) (1) (3) (1)
. EWPO: | Opws, Oup, Oy, (9 , O s Ones Oy s Opo s Obd s O o
| Bosonic: | Onno, One, Onw , Ong, Ow, Oc,] Indicating which |
| Yukawa: [ O.p . Ounr , Opr , O H]. sectors constrain |
= \ : : which operators |
- |* 34 operators 1n top-specific SU(Z)2 X SU(3)3 fit b
EWPO: Opwg, Owp, Ou, OS? , 022, Ome, (’)S,)J, 02;, Owua, OHu g
- Bosonic:  Opno, Ong, Oaw , Ous, Ow, Og, :
f_ Yukawa:  Org, Our, Ove , Ol , :
- Top 2F:  O%),, 045, Om, O, Oy, O,
: Top 4F: 031, 0%, 048, 08, 05, 0%, 08, , OF,. (2.12) E




Search for BSM
Single-Field Extensions of the Standard Model

) | Name | Spin | SU(3) | SU(2) | U(1)

. Nams DIN gU(3) SU(2)

-
—

1
Spin zero X

Vector
/

ORI O|IFRI ORI ON= =IO

|
[

DN | 1= [ND | 1= |ND | 1= [IND | = [IND | 1= [N | 1= | IND | = [IND | 1= [IND | 1= |IND | 1= [IND | b= (ND | b=t
Wl w|w|lw|w|lw|lw|(w|—|=|—|~
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wWIN

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779



Contributions to SMEFT Coefticients

Model CHD Cu C};ﬂ C}-Il CHe CH[] CTH CtH CbH

>

Spin zero
A .:- e
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00| Ot

W= [ [ =00l Ut
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Spin zero B =

A Vector ST
Spin zero X

B, B1} WG )¢
{Ql ) Q’?}
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M7 a:(0.02) Z
v2 81 Yt 2

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

—* Global fit to dimension-6 operators using N
precision electroweak data, W+W- at LEP, top, |
Higgs and diboson data from LHC Runs 1 & 2 |

| -‘ ~ top ij- =

Cw

~|* Search for BSM ~ Q
== : Gl V(T Cows Caw €| )| S

- |* Constraints on BSM | ¢, e o | ow || B

« At tree level e e e e cu CJ 1B

| -« Atloop level Con | = = | B
2 -’* Con c. C clej; C:,; C o CZ, d
W o — T g |

||
‘, S R e L e .~r - ‘ W H o
- anz & You, arXiv:2012.02779 Higgs — E
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Data included in Global Fit

| ~

T ——————

EW precision observables

LHC Run 2 Higgs | : :
Precision electroweak lll('aslll‘(‘lllll — | Tevatron & Run 1 top l Tlobs
F7 0.;) . RY ‘lﬁ- o A, (SLD) A ATLAS combination ¢ Tevatron combination of differential tt forward-backward asymmetry, ‘ -1
%* “had.® "% ) < “

Combination of CDF and DO W including ratios of bra| Arp(m.:).
Signal strengths|coars Adlal‘Al Run 2 top |

S T LW beeon mecs mees CMS LHC combinatic X"II‘LA Cf\‘IS tt differential distributions in the dilepton channel.
= ao
| Diboson LEP & LHC Production: ggF, VB| da | dm; ;
- - — - re mom 7 r oo | CMS tt differential distributions in the f+jets channel.
W+ W angular distribution me Decay: vy, ZZ, W CMS do !
7+ W - total cross secti as | CMS stage 1.0 STXS | @m; | dmu =
“‘ W= tot :dl cross hm‘t lon meas 13 aramgeter fit | 7 cMS 1| ATLAS measurement of differential tt charge asymmetry, Ac(mq). 5 [38]
final states for 8 energies CMpS : 10 STX? dilept<| ATLAS ttW & tfZ cross section measurements. o5 |oiiz 2 [39]
W+ W total cross section meas stage 2. ATLA| CMS ttW & ttZ cross section measurements. o w |0z 11 [40]
qqqq final states for 7 energies CMS stage 1.1 STXS d"lf’p"‘ CMS ttZ differential distributions. 44 [41]
W+ W- total cross section mea:| CMS differential cross AJ L: (;Lqr et
) a 5 s Ac Z
& qqqq final states for 8 energies tl:'n R thedl:,w — cMS | CMS measurement of differential cross sections and charge ratios for t- 515 [42]
ATLAS W+ W~ differential cr(| dn,., I dpT; dmie| channel single-top quark production.
m N Ly . I aemw A 'lﬂ p ""

pr > 120 GeV overflow bin ATLAS H — Z~ sign| ATLA T | Re(piis)

ATLAS W+ W~ fiducial differe;] ATLAS H — u™p si % CMS measurement of t-channel single-top and anti-top cross sections. 4 [43]
da_ o, 0f, 014+ & Ry.

dpi, {:?TQL CMS measurement of the t-channel single-top and anti-top cross sections. 111 [44]
ATLAS W# Z fiducial differential cross section in the £* fo. fu | 881G o1it| R

d 0 JL .

ﬁ ATLA| CMS t-channel single-top differential distributions. 414 [45]
CMS W+ Z normalised fiducial differential cross section | CMS 1 d—:‘ﬁ | dh‘,’:’m

channel, %ﬁr [:,_%LA ATLAS tW cross section measurement. 3 2 8 MmMecasurcn ents

. . - - . . dp; .
= | ATLAS Z;; fiducial differential cross section in the £7 £~ CPMS : CMS tZ cross section measurement.
CMS | CMS tW cross section measurement. in 1 d d in
| LHC Run 1 Higgs ﬁ;’_ ATLAS tZ cross section measurement. C u e
t4d nQ o+ p— I 1
ATLAS and CMS LHC Run 1 combination of Higgs sigi| CMS 1L M5 12(Z = (717) cross section measurement lobal lvsi
Production: ggF, VBF, ZH, WH & ttH ocloelovel R _ g100al analysis
. o = A= 0. L ATLAS s-channel single-top cross section measurement.
D('('a-\"‘ 7. ZZ, WTW—. 777 & bb CMS tW cross section measurement. 1
ATLAS inclusive Zv signal strength measurement ATLAS tW cross section measurementyd

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

ATLAS tW cross section measuremen




Dimension-6
Constraints with
Flavour-Universal
SU(3)° Symmetry

Individual
operator
coefficients

Marginalised
over all other
operator

coefficients
No significant

[TeV]

lu
JE, Madigan, Min deVlathIlS fI’OIIl SM I

arXiv:2012.027 19

SU(3)°: EWPO + Diboson + Higgs
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Dimension-6
Constraints with
Top-Specific
SU(2)? x SU(3)?

e Individual
operator
coefficients

e Marginalised
over all other
operator

coefficients
No significant

JE, Madigan, Min deVlathIlS fI’OIIl SM

arXiv:2012.027 19
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[ 5U(3)*: EWPO+Diboson+Higas
W SU(2)7 x SWU{3)7: EWPO+Dibason+Higgs+top
M Top operators: EWPO+top (ind. tiH)
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95%CL Individual; ¢, 27X }
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Correlation
Analysis

EWPO and
boson sectors
correlated

Also within top
sector

Weaker
correlations
between sectors

=L FE X ZAPSE

£
Moo dUTTLUUE
-

JE, Madigan, Mimasu, Sanz & You,
arxXiv:2012.02779



Example of Interplay between Data Sets

d| St o
) s

B Marginalised 95% C. L.
y ,_,,_" ¢ = Higgs data (no ttH)
3 Higgs data

Higgs & Top data

Higgs data 1O | e
Include ttH -
Include top data

Global analysis

JE, Madigan, Mimasu, Sanz & You,
arxXiv:2012.02779




Principal
Component
Analysis

Less constrained operator combinations =

Diagonalise correlation
matrix

Analyze eigenvectors
and eigenvalues

Scales from 20 TeV to
100 GeV

Strongest constraints
from Electroweak, H

.

[ LE W

al . -
- AR

JE, Madigan, Mimasu, Sanz & You,
arXiv:2012.02779

Eigenvectors

A [Tev]

20 bound on A;, ;=1

21127 6 1 16 3 3

- -l = == s - == == =613 - -=-=-=-=-898-4/- - == =-=

Composition

(9%) dourjzoduwr dANR[Y



Constraints on Single-Field BSM Scenarios

No significant

pulls away
from SM

Any single-
field
extension of
SM must
have mass
scale > 800

GeV if
coupling = 1

P

Mass limits (TeV) if coupling = 1 Coupling limit if mass = 1 TeV

dld 0 (] [ Anl* <39x102 | .60

[ gh ) <84x10?l 1 60

010 O [ <11x10%TV?) | 60
-,

st <26x1072  1.10

w3 < 1.5(TeV?) |

[Aasl* < 2.8 x 1072 |

Al < 4.5 x 1072

Al < 0.11

. Al <21 x107?

| Al <7.0x 1072

| Zscos 8 < 0.6 |

0 | Ag.q.|* < 0.79 |
| [Agyl? < 0.14|

A Apl* <36 x10°

983. < b/

g3, * < 7.7 x 107*

[ Ag,|? <27 x1072]

[ Aa,l? < 1.7 x 1077

10

% (V%

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779
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SMEFT Constraints cro— i 0 28
On Light StOpS :- T _ 117:"12 (4,::2)2 [(1+%%

_ - CHW=£ h?)2[(1_%62iﬂzfgz)—
From quantum loop corrections: o 1 espg”
24 (4m)? 2 h?

Tan =20

Tanf =1

1.0 1.0

(Almost) model-independent lower limit on stop squark mass
JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Direct Search

Constraints on Light Stops

e Patchwork of
many model-
dependent
searches

e Indirect constraint
excludes low-
mass region
(almost) model-

-3
=
|
= |

(s =8,13 TeV, 20.3-139 fb ;
I | | 1 | 1 | I I I I 1 I 1 I 1 I 1 1 T T
ATLAS Rreliminary '
TL producti@n

independently

% »- o y -t
$ .  etr it
T Vo

400 600 800 1000 1200
m(t,) [GeV]




Model Independent BSM Survey

Switch on random subsets of 2, 3, 4 or 5 operators

Top-less sector
fits SM very well

Top sector does
not fit so well

Mixed set
intermediate

Overall, pulls not
excessive

No hint of BSM

JE, Madigan, Mimasu, Sanz & You,
arXiv:2012.02779

# Combinations

# Combinations

10?

10? 1

10°

10*

[
o
W
A

'

(=]
~
A

—

o
¥
A

10°

2 parameters

™ Only tt ops.
No tt ops.
M Rest

v 10° -

107 ;

10! 4

10°

3 parameters

1
i 5 parameters
1




Comparlson of Linear and Quadratlc Fits

. BN Top + Higgs + VV, Quadratic NLO EFT .
Quadrat1c fit § 0 Tl Woeewom SMEFIT |8
assuming EW data= " -—
W g 1l
Standard Model i
g 10°
* Tighter constraints in |
general .
E
> What abOUt dlmenSIOH 10_3@@%82 Sgggg‘&g‘5%%%6%%%%%gg%ggégg‘l%g‘gg%%g%g&gg'g%%%%g%%
8, also contribute at © |
@(1/1\4)‘7 : 3_: iiiiﬁii;‘iivvz e NLO BT 5MEF|T
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How about Dimension 8?

Some windows of opportunity:
Light-by-light scattering
g8 > vy

Neutral triple-gauge couplings
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ATLAS Collaboration, arXiv:1702.01625



JE & Ge, arXiv:1802.02416
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» Prospective sensitivities of future colliders in
multi-TeV range

e Unique window on dimension-8 physics




Summary

Remember Sun Tzu: search for new physics
indirectly as well as directly

SMEFT is an effective, model-independent tool for
probing indirectly possible physics beyond the SM

It can be used to analyze jointly precision
electroweak, diboson and top quark data from LHC
and elsewhere

Our current analysis indicates that the scale of new
physics 1s probably > TeV

Useful for assessing sensitivities of proposed future |-
accelerators
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