..the dzrect method may be used but {
indzrect methods will be needed in order to §
secure victory....” |

'Y “The direct and the indirect lead on to each Bk
"9 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
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Where are we? s

Summary of the Standard Model

 Particles and SU(3) x SU(2) < U(1) quantum numbers:

L Ve ) , ( Y ) . ( " ) 1.2-1

- (e r \H J \T /i (1.2:1)

Er €R s 1R+ TR (1,1-2) |
o () () (0, | s
g L ) vy L P
= d )y \s )\, | =
= Ugn UR , CR , IR (3,1,*4.,.""3) 2
:!; DR dr ., sp , bR (3,1,-2_,:";3) ‘1
- |» Lagrangian: r o 1 F“ raw  gauge interactions PSS RINEZY
2 pv .

matter fermions

-.r»f b /Dg..- L he before LHC

e

L Yukawa interactions :
ViYi ;@ + h.c. Testing now

D, o|* — V(p) Higgs potential

+ o+

In progress

——————— - — = S = e = o= =
f.-..’.:';] - O‘J’. ) — o ™ ; " "-“_"“{ ¥ "‘. !‘ 1y
v > " P e -"6!-_{7 S B e ey - o " B '\m
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Has LH found the missing piece?
Is 1t the right shape?
Is 1t the right size? o ‘




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?
35.9-137 fb' (13 TeV)

=l Redl

Ratio to SM

lll 1 1 Illllll

= CMS Preliminary

= p-value = 44%

-
-
-
-
-
-
-
-
'
'C ’ .7
-.® Leptons and neutrinos Quarks
-
L d
-
-
-
-
-
-
-
-
-
-

o
L —
-
=
-
—

Force carriers Higgs boson

particle mass (GeV)
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:gi"d‘-T

Wl
i
h
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... to make an end 1s to make a beginning.

The end 1s where we start from.
T.S. Eliot




Everything about Higgs 1s Puzzling

L = yHp + p?|H|? — N H|* — V|| ...

» Pattern of Yukawa couplings y:
— Flavour problem

* Magnitude of mass term .

_ — Naturalness/hierarchy problem
|* Magnitude of quartic coupling A:

— Stability of electroweak vacuum

5 . Cosmological constant term V,;:

= X

— Dark energy

i
.._; y e v R N W—
" e | -
. ~ ol x - :
. e -~ - »

Higher-dimensional interactions? |

! G i £ e . i
L0 . Mo gl TR g, P g




Effective Field Theories (EFTs)

a long and glorious History

* 1930’s: “Standard Model” of QED had d=4 : i

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

* V-A => massive vector bosons = gauge theory >MM< ’
W f

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

. e —
— Due to exchanges of mesons? => pions )
v ng//// \\Z\Q\n -.L.
 Chiral dynamics of pions: (onon)nn clue = QCD 'y«




Standard Model Effective Field Theory

a more powerful way to analyze the data

» Assume the Standard Model Lagrangian 1s correct
(quantum numbers of particles) but incomplete

e [.ook for additional interactions between SM
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 data

e Model-independent way to look for physics

beyond the Standard Model (BSM)

-

- - 3




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

Summarize Analysis Framework

—* Include all leading dimension-6 operators? e

)mp
LsMmErFT = Lsm + Z A’

|* Simplify by assuming SU(3)5 or
SU(2)* x SU(3)’ symmetry for fermions

|» Work to linear order 1n operator
coefficients

J

"i';t

| Use G, M, o as mput parameters




b S

Dimension-6 Operators in Detail

X3 HY and H*D? W2 H?
ABC ~Av ~Bp 1 . 7
[8 [77GG Gyt | O (HTH)® O.n (HTH)(lpe, H)
- / AV P I i - 7
Includi T roreres ol _mmagn | low |
ncluding 2- and 4- | (& rrv) Lo i (rp ) 0w | (a1
Ow eI WITW l;”’li",,"“
fermion operators L X0 FHD
(One HH G, G ] O.w (o e HWL, /0% (H'iD,, H)(7"1,)
LV 7 v 3 Paxg =
V . 1 f Oua H'H (‘3,,04* 0.5 (l,0" e, )HB,, 0%) (HTY,Dé H)(l,m1y"1,)
AIr'1OousS CO10UrS 10T | (9 HHWLW ) | O | (Go"Tu)HGH, || Ou | (H'iD, H)(@En e,)
v - v T 1 ny _
d. ff t d t Ouw HIHW Wik ) (Gpo™u,)T'H Wlf,/ s (H'iD, H)(qyv"qr)
~ A d
111ISren ata [Ous H'H B, B" | O.s (@0 ur)H By o (HTiD(_,’}H)((i, wq )
t Ous H'H By, B" Ouc (gpo™TAd,)H G}, Ou. (H' iDy H)(Gpy*ur
SCCLOTS (Onws o HW,, B ) | Ow | (@o™d )T HW],  |\Ous (H*iD,,H)(J,,‘d/
Ouws H'r"H W, B"" Ous (gpo*”d,)H By, Ottua i(H'D, H)(tupy"d,)
Grey cells violate COCD (RR)(RR) COER

. L O (bul) ) | O. (€pyuer)(€sn”er) 0., (bpvulr) (€7 er)

= l | 5 O'(l:l] (qp')u(/r)((Is Il(]f) 0.. (HPA!'/IUI‘)(&SA.’“UI) 0. ([_h'\fltlr)(&s"!”ut)

| (3) — L :

5 S (3) Symmetry 0'(111] ((11) ’MT (1')([1* T ! ) Orltl (dllﬁfudr)((]%ﬂlu([f) 01(1 ([) /It[ )(ds”!“df)

= Ol(;] p’)u )(({ Y qfl 0.. (Epﬁ)"‘/:er)(i‘j')‘“'“f) Oq' ((71)'7‘;1(17‘)((?{/“(31)

Oy, (I) YuT 1, )@y qt) O(rri (€pvuer)(dsydy) Or(;]u) (‘L»A)";I(II-)(&.«»'?“Ut)
1) - T ol X - m _

[+ Important when 0% | (e )dird) O | (@0l 0 (T )
] ] O | (apy T4, ) (dy"TAdy) || O (GpYuqr)(dsy*dy)
including to —_— 0% | (@0 @ T

g p (LR)(RL) '(m_(‘l (LR_)(LR) B-violating
b bl O(l;;lq (lgzer)(ds(d) Oduq eaﬁ‘y&-]_k [(d:)TCu[g] [(qu)Tle]
ODSCIVvVanicsS Opra | (Gur)esn(@ydr) O e [(g29)TCqP¥] [(u7)7 Cel]
i (q]T ur)ejk(qkTAdt) O €*PVejnErm [(qaj)TC Bk] [( ‘ym)TCln]
. . (1) s B & 9s k
JE, Madigan, Mimasu, Sanz & You, Oaw | (Ber)ejn(@iue) Ouuu e [(d)TCuf] [(u7)" Cey]
arXiv:2012.02779 02 | Gouwer)epdtomu)
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e .
Operators included in Global Fit

" Operators in flavour-universal SU(3)5 fit

! EWPO: | Onws, Oup, Ou, 041, Oyl . One O(;?f,, 02()1, Ond , OHu J'

| s

| Bosonic: | Opny, One, Onw , Ous, Ow, (9(;], Indicating which !
.» : . 5
| Yukawa: | Oy, (9/, . Ovy . O H], sectors constrain

S . . 9 3 which operators §
~|* Operators in top-specific SU(2)” x SU(3)” fit =

|
‘ EWPO: OHWB) OHD) Oll ’ Ogl) ) 021)7 OHC) 0(5’217 026)17 OHd) OH'u,a a
| | | |
5 Bosonic: OHD) OHG) OHWa 0H37 OW) OGv E
5 [ |
X Yukawa: Org, Oug, Opr, Ol , .
Top 2F:  O%), 04}, O, O, Oy, Os5, ;
i . 3,1 3,8 1,8 8 8 8 8 8 .
8 TOp 4F OQq y OQq y OQq y OQ'U, y OQd’ OtQ 3 Otu 3 Otd . (212) E
e PR e —i .
' . ; "" w"~ e.'f:» g i % JE, Madigan, Mimasu,




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

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

- * C"w

e Constraints on BSM - =
: Cuno B ; CH:
« Attree level (| CowaCun 0 | )

“HB C'Hl(l,) Ct w
» At loop level

(v (‘v ('Vlf 3) (""f 1)

< H e - H < H 1 (3) —
CH d v(3) v(1l) CH (l‘) (J‘ tB -;':
C‘ Hq C Hq CH u CH o 3.1 e
Cue \ j CQ'Q =
C
C

> EWPO

i _"“ = / \ .
a “bH CG C(i): C(t); Cz)“ Cz,d [ |
’.7” P e S TSN i «-_%:’,..: R J:H Co Ci ttcm qu |

[, s L iy roee ¥, J ! a -
i . . : . “uH J

| JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779 Higgs - E
._.Jc.__-f: 3 ...;.,.' :4 ,‘"'.7 - .:r,_,,,-'v;" < "'3 | PR . T T e TSEEE—— | T R T Wm



Data included 1in Global Fit

EW precision observables

| ~

— LHC Run 2 Higgs || -
Precision electroweak measurem —— . gg | Tevatron & Run 1 top l Nobs
I's 0_;) l R(t’ ‘ﬁ-‘b’ A, (SLD) A ATLAS combination ¢| Tevatron combination of differential tt forward-backward asymmetry, ‘ -1
Al ]a( . . 3 . - . 4 . - . . .

Combination of CDF and DO W including ratios of braj Ars(r.-.

e . Signal strengths|coars ATLA[ Run 2 top

LHC run 1 W boson mass meas ——| i MS ¢7 diff SR IR .

CMS LHC combinatic[ 371 A Cl S tt differential distributions in the dilepton channel.
= ao

Diboson LEP & LHC Production: ggF, VB| da | dm;

- - — e 2T, ’ aro | CMS tt differential distributions in the f+jets channel.

W+ W~ angular distribution me Decay: v7. ZZ, WU CcMs ) 7 o

7+ W - total cross secti as | CMS stage 1.0 STXS | @mi; |-dmu =
W W= total cross section meas & cMS 1| ATLAS measurement of differential tt charge asymmetry, Ac(mq). 5 [38]
final states for 8 energies 13 parameter fit | 7 p:| T : : :

- - : CMS st 1.0 STXS dileptd| ATLAS ttW & ttZ cross section measurements. o,qw |07z 2 [39]
W* W~ total cross section meas stage *. ATLA| CMS ttW & ttZ cross section measurements. o,y |0viz 11 [40]
qqqq final states for 7 energies CMS stage 1.1 STXS d’}f"’"‘ CMS ttZ differential distributions. 44 [41]
W+ W~ total cross section mea:| CMS differential cross AJ 14 ;;,'7:- | 755

) . . * Ac(m | Pz

& gqqq final states for 8 energies tl:'n e thedl:,w — cMS | CMS measurement of differential cross sections and charge ratios for t- 55 [42]
ATLAS W+ W~- differential cr( dn,. I dpT, ——de_| channel single-top quark production.

) Py dm,;dy ; p.
W > 120 Gev overﬂow bin AI‘L.;\S ll _> Z'y biglll ATL:\ d]);’._‘ I Rt (pl+i)
ATLAS W+ W~ fiducial differe;] ATLAS H — p™"p si % CMS measurement of t-channel single-top and anti-top cross sections. 4 [43]
da_ o1, 0f, 014+ & Ry.
dpT 3 . - . .

"“1 — S— _ _ — {:?Tgt' CMS measurement of the t-channel single-top and anti-top cross sections. 111 [44]

ATLAS W Z fiducial differential cross section in the £7 fo. fr| 881G o1t | R
do 0 JL -
dpT ATLA| CMS t-channel single-top differential distributions. 44 [45]
CMS W+ Z normalised fiducial differential cross section | CMS 1 ﬁ"f—‘ | dl::::l
. 1 d ATLA = e . 9 A A
channel, p ﬁ' do ATLAS tW cross section measurement. () (]
- se O . . . A dp; ;
ATLAS Zjj fiducial differential cross section in the £ £~ CPMS : CMS tZ cross section measurement.
wra | CMS tW cross section measurement.
CMS ¢ nead
LHC Run 1 Higgs ﬁ;’_ ATLAS tZ cross section measurement.
[ TWAQ e ol A T 1 11T
ATLAS and CMS LHC Run 1 combination of Higgs sigi| CMS1 CMB L2 (2 o £7C7) croes section messurement
Production: ggF. VBF, ZH, WH & ttH Zt]!gigat”]l R;. — ' I 100d d
re o iy - +o— 0. LI AD Ss-channel sing (‘tOp cross section measurement.
Decay: vy, ZZ, WTW™. 7777 & bb CMS tW cross section measurement. 1 [33]
ATLAS inclusive Z~ signal strength measurement ATLAS tW cross section measurementyd . single .
ATLAS tW cross section measuremen dig & Yo 0 0




SU(3)°: EWPO + Diboson + Higgs

Dimension-6 T

Constraints with ;_ i H m j i | H g ’ j f | H
Flavour-Universal -

s Y : ? i ,H N M : E _ES"]‘

Individual ST TR RN Y h

A
v
[
(=]
=]

Ch
Chigox oo

5 o3 S 5% @ 28 F 3 3 &8
ES VBT ITTS § § &8¢ 3§ 3 3d ¢

operator

coefficients v 357
Marginalised [~ = | ol i pp e e
over all other g = -

operator B S5 539933 33853333
coefficients L =

JE, Madigan, Mimasu, Sanz & You,

i
Cha
Chu
Chig
Chg
Cow
Cis
Cs
Con
Cunt
Con
Cu

Chp

Cy) fommmmmes

cil

C(l,'

Crie D=,

arXiv:2012.02779 s
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[mpacts of Measurements |« 3% +o(50)

Higgs Individual Bounds A/YVC [TeV]

mu_pp_H_mumu_ATLAS_Run2

mu_H_Za_13_ATLAS_Run2 ’

mu_ttH_H_bb_ATLAS_Run2 13
mu_ttH_H_tata_ATLAS_Run2 12
mu_ttH_H_VV_ATLAS_Run2
4 | | | | 11
mu_ttH_H_aa_ATLAS_Run2 - -
‘ - - 10
mu_VH_H_bb_ATLAS_Run2
9
mu_VH_H_ZZ_ATLAS_Run2
4 | J |
' -+ 4 -~
mu_VBF_H_bb_ATLAS_Run2 7

mu_VBF_H_tata_ATLAS_Run2 - 6

mu_VBF_H_WW_ATLAS_Run2
4
- ’ 3
2
‘ -1

© = =
S § ¢

mu_VBF_H_ZZ ATLAS_Run2

mu_VBF_H_aa_ATLAS_Run2

mu_ggF_H_tata ATLAS Run2

mu_ggF_H_WW_ATLAS_Run2

mu_ggF_H_ZZ ATLAS_Run2

mu_ggF_H_aa_ATLAS_Run2

Chp
Cy
(3)
HI
(1)
HI
(3)
Hq 1
(1)

q
Cw
Co

Cen

CyH

Con

Cy

-0 N

C

C

Chie

C

C

Chd 1

Chu
Chox



Dimension-6
Constraints with
Top-Specific
SU(2)* x SU(3)’

Individual
operator
coefficients

Marginalised
over all other
operator
coefficients

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

[TeV]

A

[TeV]

A
=

VG

0.05
0.04
0.03
0.02
0.01

0.001

-0.01
-0.02
-0.03
-0.04
-0.05

102

10}

107!

2.5
2.0
1.5
1.0
0.5

0.0

~0.5
-1.0
-1.5
-2.0
-2.5

102

10*

1072

[ sU(3)*: EWPO+Diboson+Higgs IQS%CLI dvidual: ¢ (LTeV)?
W SU(2)7 x SWN3)7: EWPO+Diboson+Miggs+top ndividual; C; N
| Top operators: EWPO+top (indl. tiH) )
.‘ | | ' I I | .’
AR ER R AR IR ANTRIRTRIETNI
‘ AR ||| !
EWF Bosoni Yukaw: op 2 Top 4f
a 25_5_ 0535 D 3 x O @ ¥ U X I T 55 S ¥ 9 s DA, R 8 gns’g’sne
FEUTTSTUSS 33899853 3TTISSSPBBTUTTTT
T T o | |° | IR R G T T A )
2551 22 s =2255%LL%kess
—

10°] |

2 2 Gogos 85 R 2 3§ ¢ LI R
éduuuuﬁduugdéuuuu

Cun

Con

|m suU(3)%: EWPO+DIboson+Higgs
W SU(2)* x SW{3)°: EWPO+Diboson+Higgs+top
W Top operators: EWPO+top (ind tiH)

.
-

|

i

‘ 95%CL marginalised; C,

(1TeVv)?
N

.VwWww-{,-

=107 |

107! Chgox i -
10! Gyl -
Crw
Cha
Cw
107! C5

10? C‘,H =
10* Cpw

1005::




Correlation
Analysis

EWPO and
boson sectors
correlated

Also within top
sector

Weaker
correlations
between sectors

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




Example of Interplay between Data Sets

Higs data

Inc]
Inc]

d| St o
) s

L g
SR A .

ule

e ttH

uc

e top data

Global analysis

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

Marginalised 95% C. L.

Higgs data (no ttH)

Higgs data

Higgs & Top data

Higgs & Top data (+4F)
+« SM




. . Less constrained o erator combinations =>
Principal -

Eigenvectors

Component 3
Analysis

* Diagonalise correlation |
matrix 8

£

_
o

=
@,
o
=
<
(@)
5-
o)
o
=1
o
B
(@)
(@)
)
N
-

e Analyze eigenvectors | .= . -

| and eigenvalues
* Scales from 20 TeV to | SEaSaas " | BN

100 GeV - || B

|+ Strongest constraints | oz oo

| from Electroweak, H | =

=
Com




Single-Field Extensions of the Standard Model

Nape-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 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 1 3 2 L

Vector 2 6

, 3 0 Qs : 3 2 —3

1 7

3 1 Q7 ? 3 2 61

: I = =

P ! 3 2 3 2 6

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



Contributions to SMEFT Coetficients

Model CHD C?ﬂ C}-Il CHe CtH CbH

Spin zero

00| Ot

W= [ [ =00l Ut

Spin zero
!

Spin zero

{Qla Q7}
Model

U
D

00| UTj00| L

M7 «s(0.02)
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 > 400
GeV if
coupling = 1

(0]

Mass limits (in TeV)

300 Ge

[ anff<sox102|  1.60
[ P <84x10? ] 60
[ <11x10%TV?) | 60

st <26x1072  1.10

w3 < 1.5(TeV?) |
[Aasl* < 2.8 x 1072 |

Al < 4.5 x 1072
Anl? <0.11
Al <21 x107?
Av)® <7.0x 1077
| Zscos 8 < 0.6 |

| Ao, |* < 0.79 |
| [Agyl? < 0.14|

Apl* <36 x10°

gep, <UL

g3, * < 7.7 x 107*

. -
[ Ag,|? <27 x1072]
[ Aa,l? < 1.7 x 1077

W

JE, Madigan, Mimasu, Sa

10

nz & You, arXiv:2012.02779
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SMEFT Constraints A1 L’

12 (47)2 12 h?

on nght Stops | =lfff(4’:f)2[a+f;2"'2zz

la-2 162"9

From quantum loop corrections:

10239
T 24 (4n )2[( D) h?

Tanf =1 Tan 20
1.0 — . . B v . — 1.0 - - - - B. -

== =1 o 00— =3 =2 -1 o

Xelmi Xy/mg

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




Direct Search Constraints on Light Stops

{s=28,13 TeV, 20.3-139 fb

;‘900| | Il!,!!!!!
8 ATLAS Rreliminary
e Patchwork of 2. 800F i, producids Q
many model- 3 700F MTEETES o o
S - Nl
dependent 600
searches 500

‘| Indirect constraint| 400
excludes low- 300
mass region
(almost) model-
independently

-3
e
=
]

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

T

% »- o y -t
$ .  etr it
T Vo



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

"« No hint of BSM

# Combinations

# Combinations

10?

10? 1

Model-Independent BSM Survey

10°

2 parameters

™ Only tt ops.
No tt ops.
M Rest

107 ;

10! 4

v 10° -

10°

3 parameters

i 4 parameters

1
i 5 parameters




Comparlson of Linear and Quadratlc Fits

u * Quadratlc fit does = SwerT ||
notinclude EWPOs _ - [jI[|
i
* Tighter constraints | -~
in general Jo
* What about
dimension 8? LR LM L B A R L S A A

10%
NN EFT Global

- » Fitting process : N S MEFIT |
slower, difficult to
make broad BSM

survey

101 L

95% Confidence Level Bounds (1/TeV?)
—
o=

1072

107
g §§3§3§g§3°:8%§§§2 i 8 §§§§g§§aa§%%;§§8§

S

0930‘1

Ethier et al., arXiv:2105.00006




How about Dimension 8?

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

Neutral triple-gauge couplings




Flrst Measurement of nght-by-nght Seattermg

. Penpheral heavy-ion collisions at the LHC: Y'Y ')W

2lllll llllllllllllllllllll
. \@/

e Data, 480 ub™ ATLAS

L C i
10F G e Pb+Pb [5y=5.02 TeV -

[ CEP yy MC -
8 B
- Signal selection :
6 —e— with Aco < 0.01 -

Events / 3 GeV

p—

25 30
4 m,, [GeV]
o

|+ Expected in ordinary QED from fermion loops
|« ATLAS measurement agrees with QED st

'» Can be used to constrain nonlinearities in Born-Infeld
7 B | e JE, Mavromatos & You: arXiv:1703.08450




Supplement on dimension-8 operators

nght-by-nght Scattering in QED

T d’

» Electron (charged particle) loops induce W "
light-by-light scattering: vy -

Bemerkungen zur Diracschen Theorie des Positrons.
Von W. Heisenberg in Leipzig.

e First calculations:

(Eingegangen am 21. Juni 1934.)

Folgerungen aus der Diracschen Theorie des Positrons.
Von W. Heisenberg und H. Euler in Leipzig.
Mit 2 Abbildungen. (Eingegangen am 22. Dezember 1935.)

9 [ cos V& = B2 + 2¢(EB) ) + konj
‘~‘='3‘(‘5*‘$“>+7§zj ensyint @) — =K ("g"' )
2 __ SR2 .

2
TCA (232-(&2)]




Born-Infeld Theory

Foundatvons of the New Field Theory.

By M. Born and L. InFeLD, Cambridge.

(Communicated by R. H. Fowler, F.R.S.—Received January 26, 1934.)

* Original Born-Infeld modification
. of QED: |

L=b3(‘«/1 +-;-2(H’—E9)—1).

|+ Based on “unitarian” idea of
| maximum electromagnetic field,
cf, velocity of light

e Limit on Coulomb potential

EESS



. Born-Infeld & String Theory

 Original Born-Infeld modification of QED: [ raiciies

= ﬁQED — —}lF,wF“V — L = ,32 (1 - \/1 - QLWF“UFMU — 161’34(}7'””}3‘#”)2) =
~|* Derived from string theory: Fradkin & Tseytlin 1985 |

- >.
> =

[

- | in D dimensions: f dPy [det(6#,, R 2,”“,};“)]1/2

4 dimensions: [det(8,, + F,)]'? =[1+ F2 + o (F,F3)?1V2 |

u L8 T \
5 - R | i
LE Y . !

B # &R 1

e Dy Tl e ik

uy < puy
__+ Limiting gauge field €= brane velocity = light |

,_ Lpr x \/1 — (2ma’eE)? & Lourticte X \/1 — v,
- |+ Mass scale M =B
€=> 1/distance between branes, > TeV?

CaS

Bachas, hep-th/9511043
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Constraint on Born-Infeld Scale |

JE, Mavromatos & You, arXiv:1703.08450 {

o ATLAS constraint on o(yy=>yy) constrains M = VB

m..>6GeV , Pb+Pb (47)—Pb'*) +Pb'") 4,
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o All events with m,, < M: lmit M = 100, 210 GeV
» Assume o = 1/m_*at higher masses: M = 190,330 GeV

* Entering range of low-scale brane models




e Data

Production
- Background-only fit

Of Spin-0 Selection

.- Isolated VY ‘ /s =13 TeV, 36.7 fb"
at LHC |

Events / 20 GeV

e Data agre
with SM

L

' Can be used to
constrain
dimension-8

ggyy operators
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Data - fitted background
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ATLAS Collaboration, arXiv:1702.01625



JE & Ge, arXiv:1802.02416

Constramts from Colhder Data |
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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

Useftul for assessing sensitivities of proposed
future accelerators




Precision
Electroweak
Measurements

with FCC-ee

Blondel et al, arXiv:1809.01830
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BU-HEPP-18-04, CERN-TH-2018-145, IFJ-PAN-IV-2018-09, Xw 18-0C
MITP/18-052, MPP-2018-143, SI-HEP-2018-21

Standard Model Theory for the FCC-ee: The Tera-Z

Report on the 1 Mini workshop: Precision EW and QCD calculations for the
FCC studies: methods and tools, 12-13 January 2018, CERN, Geneva

https://indico.cern.ch/event/669224/

A.Blondel’, J. Gluza*=, S.Jadach®, P.Janot’, T.Riemann®* (editors),
A. Akhundov®, A. Arbuzov’, R. Boels®,
S. Bondarenko’, S. Borowka®, CM. Carloni Calame®, L Dubovyk®®,
Ya. Dydyshka'®, W. Flieger’, A.Freitas'', K. Grzanka’, T.Hahn™, T. Huber'*,
L. Kalinovskaya'®, R.Lee'’, P.Marquard®, G. Montagna'®, O. Nicrosini®,
C. G. Papadopoulos'®, F Piccinini®, R. Pittau’”, W. Placzek’®, M. Prausa'®,
S. Riemann®, G. Rodrigo™, R. Sadykov'®, M. Skrzypek®, D. Stockinger®', J. Usovitsch™,
B.FL. Ward™ ", S. WeinzierI”*, G. Yang™, SA. Yost™

! DPNC University of Geneva, Switzeriand, * Institute of Physics, University of Silesia, 40-007 Katowice,
Poland, *Institute of Nuclear Physics, PAN, 31-342 Krakow, Poland, *CERN, CH-1211 Genéve 23,
Switzerland, ® Deutsches Elektronen—Synchrotron, DESY, 15738 Zeuthen, Germany, “Departamento de Fisica
Teorica, Universidad de Valéncia, 46100 Valéncia, Spain and Azerbaijan National Academy of Sciences,
ANAS, Baku, Azerbaijan, " Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, 141980 Russia,

*II. Institut fiir Theoretische Physik, Universitat Hamburg, 22761 Hamburg, Germany, ° Istituto Nazionale di
Fisica Nucleare, Sezione di Pavia, Pavia, Italy, "°Dzhelepov Laboratory of Nuclear Problems, JINR. Dubna,
141980 Russia, '’ Pinsburgh Particle physics, Astrophysics & Cosmology Center (PITT PACC) and
Departmen: of Physics & Astronomy, University of Pinsburgh, Pittsburgh, PA 15260, USA,

12 Max-Planck-Institut fiir Physik, 80805 Minchen, Germany, > Naturwissenschaftlich-Technische Fakulta:,
Universita: Siegen, 57068 Siegen, Germany, **The Budker Institute of Nuclear Physics, 630090, Novosibirsk.
Dipartimento di Fisica, Universita di Pavia, Pavia, Italy, **Institute of Nuclear and Particle Physics, NCSR
Demokritos, 15310, Greece, " Dep. de Fisica Tedrica y del Cosmos and CAFPE, Universidad de Granada,
E-18071 Granada, Spain, **Marian Smoluchowski Institute of Physics, Jagiellonian Universiry,

30-348 Krakéw, Poland, *°Albert-Ludwigs-Universitit, Physikalisches Institut, Freiburg, Germany, * Instituto
de Fisica Corpuscular, Universitat de Valéncia - CSIC, 46980 Paterna, Valéncia, Spain, *' Institut fiir Kern-
und Teilchenphysik, TU Dresden, 01069 Dresden, Germany, ¥ Trinity College Dublin - School of
Mathematics, Dublin 2, Ireland, ©*Baylor University, Waco, TX, USA. ** PRISMA Cluster of Excellence, Inst.
fiir Physik, Johannes Gutenberg-Universit, 55099 Mainz, Germany, > CAS Key Laboratory of Theoretical
Physics, Chinese Academy of Sciences, Beijing 100190, China, **The Citadel, Charleston, SC, USA

* Corresponding editor, E-mail: janusz gluza@cern.ch.

[ — © owned by the authors. Copyright statement see page il




Future EFT Constraints from Higgs an
Electroweak Measurements
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Beyond Dimension 6 | \7?<

* Neutral triple gauge couplings a
= have no dimension-4, -6 contributions

* Appear first at dimension-8:
= 90¢, = Epuwa”p(DpD/\WWA+D”DAW»‘\ZP) Opw = iHTgqu“p{Dw D“}H

906 = B W™ (D,D,W™*~D*DW5,)  Oci = B W™ [D,(4, T %) + D“(G,T,4)] 8
_|* Probe in ete- > Zy, using hadronic Z decays: |

s A%, Aw, A¥ Ax A AR Ax AR,
= 025 (1.3,1.6)  (1.0,1.2) (0.9,1.1) (0.72,0.89) (1.2,1.3) (0.97,1.0) (1.2,1.6) (0.97,1.2) &=
= 05 (23,27) (1.9,22) (1.3,1.7) (1.1,1.3) (1.81.9) (1.4,14) (18,22) (1.4,17) B
= 1 (39,47 (32,37 (1.9,24) (16,19 (26,26) (2.0,21) (26,29) (2.0,2.4)
& 3 (9.2,11.0) (7.2,86) (3.3,4.2) (2.7,3.3) (4.3,45) (3.5,3.6) (4.4,5.2) (3.4,4.1)
5 (13.4,15.9) (10.8,12.7) (4.4,5.5) (3.4,44) (5.7,5.9) (4.5,4.7) (5.7,6.8) (4.5,5.5)

~ » Unpolarized beams: A>> E

JE, He & Xiao, arXiv:2008.04298
s (JE, Ge, He & Xiao, arXiv:1902.06632)




Dimension-8 Operators in nTGCs

el

J . gular distributions in SM and with dim-8

» Easy to distinguish dimension-8

JE, He & Xiao, arXiv:2008.04298
(JE, Ge, He & Xiao, arXiv:1902.06632)




Sensitivity to Dimension-8

~ |* New physics scale A vs centre-of-mass energy

16 16

u AP Polarized

12t 12t

* Solid: 2-o exclusion, dashed: 5-c discovery

JE, He & Xiao, arXiv:2008.04298
(JE, Ge, He & Xiao, arXiv:1902.06632)
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