Beyond the Standard Model =
Into the Unknown

Known knowns i
Known unknowns "~ John Ellis
Unknown unknowns KNG
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The Standard Model & its Current Status
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Why the Higgs boson?
What can the Higgs boson tell us? |

Looking beyond 1t




Fundamental Particle Interactions

» Strong, weak and electromagnetic
* Three separate gauge group factors:
~ SU@) x SU(2) x U(1)
* Three different gauge couplings:
- 288
« Similar structures, important difference

* The carrier particles of the weak interactions are
massive: my ~ 80 GeV, m, ~ 91 GeV

* What 1s the origin of these masses (also electron, ...)

| Is the Higgs Boson the answer? &
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To Higgs or not to Higgs?

Need to discriminate between different types of
particles:

— Some have masses, some do not
— Masses of different particles are different

In mathematical jargon, symmetry must be
broken: how?

— Break symmetry in equations? Inconsistencies ...
— Or in solutions to symmetric equations?

Latter 1s the route proposed by Higgs (et al.)
— Is there any other way?
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Where to Break the Symmetry?

Throughout all space?
— Route proposed by Higgs et al
— Universal scalar field breaks symmetry

Or at the edge of space?
— Break symmetry at the boundary?

Not possible 1n 3-dimensional space
— No boundaries
— Postulate extra dimensions of space

Different particles behave differently in the extra
dimension(s)
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The Founding Fathers
‘--i = erry Guralnik : Robert Brout
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The (G) AEBHGHKMP’tH Mechanism

P

 BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS* |
F. Englert and R. Brout SEO
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P. W. HIGGS
Tut instérute of Mathemalical Physies, Vniverstty of Edinburph, 5S¢ otland

Received 27 July 1964
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The only one
BROKEN SYMMETRIES AND THE MASSES OF GAU WhO mentioned a

Peter W. Higgs massive scalar boson
Tait Institute of Mathematical Physics, University of Edinburgh, [

(Received 31 August 1964)
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SPONTANEOUS BREAKDOWN OF STRONG INTERACTION SYMMETRY AND THE

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES* .
G. S. Guralnik,¥ C. R. Hagen,i and T. W. B. Kibble A. A. MIGDA

Department of Physics, Imperial College, London, England
(Received 12 October 1964) .o : . "

The occurrence of massless particles in the presence of spontaneous symmetry breakdown is
discussed. By summing all Feynman diagrams, one obtains for the difference of the mass




Nambu, EB, H, GHK & Higgs

| Spontaneous symmetry breaking: massless Nambu-Goldstone ||
“ boson ‘eaten’ by massless gauge boson ;"

Accompanied by massive particle oy
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The Nambu-Goldstone Mechanism

‘|* Minimum energy at non-zero value:

| 1 0 2
ha =< 0|0 >= — N

- » Components of scalar field: -

=0+ o)

- |* mmassless, 6 massive:

my = 2u° = 2\




Abelian EBH Mechanism

» Lagrangian
L= (D“O)+ (DNO) - V(lo]) - 4FNI/FW/- Dy =0, —eA,

* Gauge transformation (. — ¢io@ g(;) = ¢io®) i0(2), (1)

A (x) =A,(x) + i_(‘*)ﬂ_a(tz')
-

* Choose ;)= —6(x):  ¢/(x) = (o)

* Rewnte Lagrangian: . _ e Al — V) -+ F[,,, o
L = |(() — 'ITE.’.A’ )(1 + %H)P o lF/VF/;w _V
_ _IFZLVF/# + 1 2 2 4/ 4/# 2[(()#[_])2 o ‘772%1[{2] 4. :

" "

massive A-field, m g ~ ev neutral scalar, myg # 0




Hungry Higgs

(FLIP TANEDO / QUANTUM DIARIES)



Particle Physics

Proposed by Abdus Salam,
Glashow and Weinberg

%o gpy | Tested by experlments
N NGOy at CERN
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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




« Particles and SU(3) x SU(2) x U(1) quantum numbers:
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i /DL + h.c.
"l;"’i"j,'j"l,'"’j([) + h.c.

|D#Q|2 V(¢ )

gauge interactions fgySare P} 1% :
matter fermions before LHC |
Yukawa interactions : i

, , Testing now ¢
Higgs potential :
in progress




The Standard Model Lagrangian

ol Sl
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Lort = Lon+ Lo+ L+ Ly

Ly, = Qrin*DiQr + qriv*Diiqr + Lrin* DLy + lgiv* Dl
La= _1 B,,B" — lW:VWam v Experiment: accuracy < %

/]

Ly = (D;¢) (D™ ¢) — V() No direct evidence
Ly = yaQrogh + y.Qré°qh + yrLgly + W0l July 4, 2012

Dy =08, —igWiT*—iY¢B, , D,;=98,—iYg¢B,
V(¢) = —p’¢” + A"




Masses for SM Gauge Bosons

e Expanding

 Kinetic terms for SU(2) and U(1) gauge bosons:

[ | ,
L=—2G G" —_F, F*
4 4

where ¢ = a,wi—o,Wi +ige ,Wiwk F,

* Kinetic term for H1ggs field:
_ —‘D“(;')‘Q Dﬂ = r) —1i g o; ” s (], vV B

around vacuum:

2

B,, B* + g ¢'v* B, WH3 — ¢* .—11311“

N
e BOoson masses: ~o -
gW?3 _ ¢'B, p— gW3 +gB, ~
My + = y% Z, = f = ")l oMy = 3\/"92 + q"%v ; A, = ’)—,)‘ : ma =0
& VI©+g= “ Vi< +g*

W =0, Wi —9,Wi |




Higgs Boson Couplings




A Phenomenological Profile
of the Higgs Boson

 First attempt at systematic survey
A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 Novemnber 1975
A discussion is given of the production, decay and observability of the scalar Higgs

boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Wemnberg-Salam model. After reviewing previous experimental limits on the mass of

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass ot the Higgs boson. unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.




mgtatus of the Standard Model before
the LHC
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» Perfect agreement with all confirmed accelerator
data

» Consistency with precision electroweak data
(LEP et al) only if there is a Higgs boson

* Agreement seems to require a relatively light
Higgs boson weighing < ~ 180 GeV

» Raises many unanswered questions:

mass? flavour? unification?
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Constraints on Higgs Mass

* Electroweak observables sensitive via quantum loop

= corrections: .. -
miy sin® @y, = m% cos® By sin® Oy = \/g((;,r (1+ Ar)

“|* Sensitivity to top, Higgs masses:
= 3Gp 5, 2 VE;
= 9 V2Gg ., 11 MZ |
. : m _ m2. In—+...), My >> my
2 \/§ ! 1672 " ( 3 mzZ ) My " =
;: « Preferred Higgs mass: my ~ 100 £+ 30 GeV -
- |» Compare with lower limit from direct search at LEP: =

i my > 114 GeV
'_ and exclusion around (160, 170 GeV) at TeVatron




Lepton couplings
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Precision Tests of the Standard Model
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Combining Information from
Previous Direct Searches and Indirect Data

20
18

-

[ | — | | | |‘
fitter o2

[ AV

Theory uncertainty
—— Fit including theory errors
---- Fit excluding theory errors

Gfitter collaboration



| A la recherche

du

Higgs perdu ...

Higgs Production at the

LHC

“» LHC Higgs Cross-Section |

Working Group
(LHXSWG)
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nggs Productlon at the LHC

pp — H (N3LO QCD + NLO EW) Vs= 1 3 TeV

LHC HIGGS XS WG 2016

Cross sections for F
Higgs mass near

125 GeV

pp — qqH (NNLO QCD + NLO Ew)

pp — WH (NNLO QCD + NLO EW)
pp — ZH (NNLO QCD + NLO EW)
—  pp— ttH (NLO QCD + NLO EW)

| PP—> bbH (NNLO QCD in 5FS, NLO QCD in 4FS)
LHC Higgs Cross-Section i
Working Group

(LHXSWGQG) - Pp—tH (NLO QCD)

| | | | | | | l 1 | | I | | |
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Higgs Decay Branching Ratios

(] ) -
* Couplings proportional to masses (?)
3 C 1: - —=7 : : b
YeTeTelelole 58 =
i
t > H B
t § 107 =
g QUQQQQQQE :f’ E
X s |
W,z &
q @ 102 |-
W,z -
N - Zy
A ”\
3 F 1031 1 ol e S \ LY
50 100 200 500 1,000
s mass (GeV)

o [mIportant CoupImgs Urougir Ioops.

— glaon + gluon=> Higgs — vy




Higgs Decay Branching Ratios

1
LHC M\GGS XS WG 2016
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What was Expected

H>ZZ*>4l
Rare (3%) Havy

Hott S/B>>1
Abundant (6%) AM/M ~ 1-2% g%{ 1rare (0.2%)

S/B<1
AM/M ~ 10-20% Q%s\ AM/M ~ 1-2%

H->gg (8.5%)

H>WW*>2(2v \
Very Abundant (22%) H>bb

S/B<1 Abundant (58%)
AM/M ~ 30% S/B<<1

What do we know?




LHC Measurements

CMS Preliminary

June 2021

EEREE Agree with the
o tndard Model

>n Jet(s)
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i 7 TeV CMS measurement
i 8 TeV CMS measurement

i 13 TeV CMS measuremen
- Theory prediction

Z 4 Z CMS 95%CL limits at

t(s):
nJe_.Q)E o

(L<5 Ofb)
(L<1961")
t(L<137fb")

7,8 and 13 TeV

vl

1 O | I | | 1 | I | IE IE E |E | | I | | | | | I | | | | I |
EW "EW /V_) W w EW W W » VBF

"w'z 'wy'z st)wz 22" o wwwiwwz wzz' 222 Wy Wy 2y Ewfew lrysow ew Jow Bw bw T Tt tw it Tty 'tz izt tw ggH'qu VHWH ZH ttH' tH HH

EW,Zyy,Wyy: fiducial with W—lv, Z-ll, |=e,n

All results at: http://cern.ch/go/pNj7

Th. Ac, in exp. Ac
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Has LHC found the missing piece?
Is 1t the right shape? b
Is 1t the right size? - ~




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?
— 35.9-137 fb' (13 TeV)
> lll T 1 I 7 IIII T I 1 | | III T I T I lllll T
i = |> 1 o t . ey
3 G = CMS Preliminary W%- 2
_ 5 | ™Mu=12538GeV P =
= g>10"F p-value = 44% =
MLL - b ,v" .‘.';-'f
102 T /§¢’ _ ‘
S - - Leptons and neutrinos :l.‘. 3 |
-7 e
10w
T E #° Force carriers :‘-'-s;
-3 5 B
W 5 15¢ T
o 2 E |
o o - ~w
; s 0.5 budl 1 | |

particle mass (GeV)



... 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

‘~,,- P,

— Dark energy P

SN . ; o |
S— ngher dlmerl‘slon~a‘\1 interactions? |

ot v
N M. -
s~ e —4ﬁ vy 8 MR + o 9 TN c




.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

ING'S
College
" LONDON




Effective Field Theories (EFTs)

a long and glorious History

 Chiral dynamics of pions: (Onon)nr 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 >MM< 2
W

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

i P g;\\\\ ;;/// P
— Due to exchanges of mesons? => pions
d /% R o
ng \Q n

]



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)

= . i




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

Summarize Analysis Framework

—* Include all leading dimension-6 operators? s

2499
Ci
LsMmerT = LsM + ) 229

(* Simplify by assuming flavour SU(3)’ or
SU(2)?xSU(3)? symmetry for fermions
|» Work to linear order 1n operator

- coefficients, 1.e. O(1/ A?)

~|» Use Gy, MZ, o as input parameters

1 Py
%

'ﬁ"';g




Dimens:
10n-6 Operators 1n Detail

X3
° . 04 — :
Including 2 O [ aroresy | 0 T
. and 4. | e |2 iy
ferm10 Ow C}] Hv’}fu”,-‘;,p”,k,“] L (HTH)D(HTH O.n (Hf -
n Oper - € "II’{UH:.J,,”,’}\ - O,, | (H'D*H)" ) ) H)(lpe H)
ator D) ‘ i I" ) (HTDlH wH (HTH _ ~
. X2H?2 ) || O T )(GpurH)
o Diff (0w | HHG (H' H) (gyd, H)
| erent col 0 HGLG ] X0 :
CO Our HG HiH GA ) (l_ o —— .
f o S [0 Clll/CA‘“/ 0 pO’ er)TIHWl /“ v HZD
OI‘ dlffere Oll\f* HTHH lfl/l{ Tpv ] eB (l_po-uyer)HB (L Ol-l,) (HTI;;I H)(]_ i
nt data — HIHWI winv Oue (Gpo T4 T Oini (HTiBI g [")\
sect [O”” H'H - Ouw (G,o" ur)HGﬁu O, #)H)(II'T[“/’“I,.)
w a4 - Te 5
OIS Ous t Dy ] o Bt un )T HW,, oW (HTI%‘ H)(epy*er)
= H'H B ll/Bl“’ o (q—Po-l“/u - ﬁ = (HTID = ’
: - [Ollu'n HTTIH[’ T Orl(; (q w A') Bpu O;;“ (HT‘HIN H)( p /#q’) |
- Grey C 11 3 Olln"n HT 7 ‘L"“,/B/"u ] 0 _pG’ T d )HGA O ! ]D&H)((i’ ,\;lq ) _%
ells violat
i e (f,L)(f = (gpo"vd,)H Lt @:.; (H' K |
| SU®R) o T i (G0 H By || O & iy ||
; symmet T ') J [0 (RR)(RR) | WD H) ") | §
etry o ‘lvwxqs TN G| Gomeneare (iL) :
{e Im ofb @)@ a) || Ou (Yt )(aﬂ,f') 0. Q L) ;
. q - E r syt u i o ~H E
portant Wh Ol(:] ( ( Iﬂ“ )(([q‘,/ qf O(M (dl)"rlldl‘)((i.nll [f) 01., (l—l ’)’ )(i()l f’,) E
. en YuT I, )(Gs Al ) (Eprue )(;s ,vl(r) 0, ] )(l Y uy) |
1nclud. qt 0., (e ,.,“ l’r i,qul.zzf) O ([ 0 Ypulby 1) (ds !“dt) |
lng tOp O:.I,l) (,;,p,;h( r)(dj_vlldt) (’)("1') ((77'7;1(1, )( ) =
8 ) Y Uy M qu —
ob A o | ity | 8 |t :
SerVableS O(LR)(RL) 'dll(l (I‘R)([:R) r (1’) O’(l'll) ]l)zil (]' )((7 “,] —‘ ) I
.“ ﬁ'_..'-r‘,: - O(’;;lq (l—{,er)((fqu) Of:,) ((1 N 1[’71/11(11 )(([(*,l dl) a
‘,-.' <o ’Madigan Mlma 0‘(’;;” (Q%UT)F_‘ k(_fd ozluq B'ViO]a[,ing £t (1')((1"’\1“71 1(1,) )
A""F { Su SanZ&Y quqd (q T J qq f) O 50/3'76_ T = |
S arXiv:2012,02779 L | Au)en(@TAd) | Oy o [(dp.) C“ﬁ’] [(g3)TClE
e S, - (9(3(;1‘ . (lpe1 )i (qhur) o g@By Eak [ b TC‘I ] [(jn T ‘)
- . : = (li)aﬂver)t‘jk(tfkglw Ouuu EinChm [(q r'og? 2) Ce"]
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71 ()" Ce]
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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, 05, 05, 0%, 08, , OF,. (2.12) E




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

—* Global fit to dimension-6 operators using N

- |* Search for BSM
=k Constraints on BSM

precision electroweak data, W*W- at LEP, top, |
Higgs and diboson data from LHC Runs 1 &2 |

f top EW j

Y
C w

ﬁ;’u O

“HB

~) e

/ C"H wEB Cn D C“ .
(W (“ni 3) (‘v( 1) CH Q Ct w

< He < H! < H1 . .
HW Ch Q C:s

v(3) v(1) =
C‘ qu C‘Hq CH u CH d 3. =

Q

At tree level o e
» At loop level Cow | ——————EWPO _J
C

v

[~ .-'_'h / =
T 1,8 3,8 8 8
e C. Ci* C3* C3, C,
o % - : , s A '8
= - e > 4 e g _‘ % s wr CT H Ct G C! d Ctu C’fq
| - - Dt - ,..q— it e OB - tt
’

J
S

Y (1%

Higgs

e TITOPWIEREE T e PSS o T —vv————a |



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




SU(3)°: EWPO + Diboson + Higgs

Dimension-6 T _r
Constraints with ; i H H} i | H g ’ j i l “
Flavour-Universal | =

Individual 2T Thih Lo (40

operator séffng%%%uuU

coefficients B Epm—
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Impacts of Measurements | «., 3=k o)

Higgs Individual Bounds A/YVC [TeV]
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Correlation
Analysis

EWPO and
boson sectors
correlated

Also within top
sector

Weaker
correlations
between sectors

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

Yukawa

Top 2F




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
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Single-Field Extensions of the Standard Model

Name-l.Spin | SU(3) | SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1)
1 1 0 Ay ! 1 2 -3 |

1 1 1 As 5 1 2 —3

Spin zero % 5 ) ! 1 3 0

3 0 51 5 1 3 -1

1 2

3 1 U > 3 1 4

1 0 D ; 3 1 ~;

1 1 Q1 L 3 2 L

Vector 2 6

, 3 0 Qs : 3 2 —3

1 7

3 1 Q7 ? 3 2 61

; SRR A

2 1 3 2 3 2 6

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



Contributions to SMEFT Coefticients
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v2 87

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



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
-,
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Al < 0.11
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| Zscos 8 < 0.6 |

0 | Ag.q.|* < 0.79 |
| [Agyl? < 0.14|
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983. < b/
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[ Aa,l? < 1.7 x 1077
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% (V%

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

. ey




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-
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=
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= |
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fits SM very
well

not fit so well

» Overall, pulls
not excessive

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

* Top-less sector

* Top sector does

s No hint of BSM

# Combinations

# Combinations

10?

10? 1

10°

10* 5

10° E

102 3

Model-Independent BSM Survey
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™ Only tt ops.
No tt ops.
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1
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Comparlson of Linear and Quadratlc Fits

K Quadratlc fit | = G MEFIT q
assuming EW data= = [T
Standard Model .

: L. .
* Tighter constraints in = -
general { &0
 What about dimension m_“gggaegggggggggggggg%%8s‘g%%gggggggggggggggéggggggg
8, also contribute at & ,
O(1/A%? PP S MEFIT
-+ Fitting process slower, : "

. N:
difficult to make § o
broad BSM survey "

. I_ E 1072
Ethier et al., arXiv:2105.00006 m-ngg;gggjgggsgs BEEpEESSREEY NG §§§§g%§aa&‘&a;§§&§




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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