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Quest for Beyond Standard Model: where do we stand ?




Standard Model Production Cross Section Measurements >4
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Higgs sector

" No significant deviations

® Spin and Parity:

Results consistent with SM predictions

( SM Higgs J¥C = 0*+)

Eur. Phys. J. C75 (2015) 476
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New particles

" Many direct searches
( too many to display
in one page)
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" No new particles

- Set lower mass limit
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Why we have not (yet) found new physics (wrt SM) ©?
) Few anomalies exist

. o o — Improve: trigger (TLA)
. New physics is buried in the backgrounds analysis methods (ML),

™ theory prediction of bkg

2. New physics is weakly coupled oL L
and/or more luminosity

—

A Direct Searches
¥ Direct searches of new states:

~— Vs’ > Mx
Future Need a machine with enough energy

Depends on
collider
environment

multi-TeV
= calliders * Search for a peak (often) in the
= invariant mass of the decay products
= . Higgs More : : :
5 | \ Foctor / Srind or in the production cross section

&
S . (ex. LEP)
§: * In most cases, direct searches
3  / ° ¢ : s 9
Snowmass EF Report M. Narain, et al 2211.11084 motivated by a ‘descriptive’ theory
>
Mass Scale (ex. SUSY)

3. A gap exists between the reached energy and new physics
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A gap between the reached energy and new physics

-> Increase the energy in the center of mass s> My) ?
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(HL-)LHC: a powerful tool already NOW

How can we use it in the best way

LHC / HL-LHC Plan

~HiLumi )
N LARGE HADHQN VFJOLLIDER

We are here

o B e ST c— 1416V

T oaww

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7TeV 8 TeV  button collimators interaction ) inner triplet ) HL LH(.:
R2E project reglons Civil Eng. P1-P5 pilot beam radiation limit installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIIIM
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS e
beam pipes 2 inalidig 5 TR T HL upgrade '7 oS X nomlnal
nominal Lumi w ALICE - LHCb | x nominal Lumi .

75% nominal Lumi I /_ Updrade I luminOSity

2x nomlnalm :
i 3000 fb™!
o ~140 fb - luminosity B oo

" Energy ~ constant (since 2015)
" Significant luminosity increase (@ HL-LHC ~ 15 times the present data sample)
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Complementary search scenarios wrt direct searches

. : > - ATLAS “ m,-803600016GeV
" Search for new physics by 8 80.5 Preliminary B - 7204:070000
. . w+ AR - - m,, = 125.09 = 0.24 GeV i
measuring very precisely - & - s 68/95% CL of m,, and m, -
80.45[ =
key SM observables (EWPO) - 7
Expansion in coupling strength 80.41- =, -
Any significant inconsistency goasE e =
wrt SM B ]
o o . = 68/95% CL of Electroweak ]
- existence of New Physics — o myandm .
gpoErir o 1o oo o B ATLAS;CONE-2023-004-
o . - 1 17 17 1 1
Search for deviations from SM in 65 0 > 80 85
s L o Events ALY mt [GeV]
high energy regions (often tails) AR N
. . A 1 [ :1 W U A: Beyond the
Use an Effective Field Theory ST o Moce
to interpret the data S ol 1l S .
tandard 40 I
Expansion in scale ratios Mode! ryaTeny
- In both cases probe energy scales |/ = N .- R
beyond the direct kinematic reach P - -mm------ >
~1TeV 10-100 TeV
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What is an EFT ?

" It’s a quantum field theory describing the behaviour of an underlying

unknown physical theory (‘“UV complete’) in some limited regime
(“IR limit”).

® In an EFT, the details of (new) Physics are irrelevant @ E << A
-=> EFT use degrees of freedom relevant to the IR regime (simplification)

A is a scale (energy or inverse of a distance):
" @ E << A (new) Physics effects are described by local, analytic operators
with 1/A" suppressions

" possible divergences @ E ~ A and above, can be neglected

In practice: Taylor expansion of the Lagrangian in powers of E/A

C(9) O(@) d= spf.clce—time di.m.ensions
LT = 1 v c;= Wilson coefficients
AZ—d O; = allowed operators

2>0.1 2 = operator dimension

" New physics expressed in terms of coefficients of higher dimension
operators including constraints of locality, gauge and Lorentz invariance
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Nature has naturally many scales (‘“‘divide et impera”’)

Higgs ;------ | s ISEETE,
Vev Nuclear :Atomic :  _____________ Cosmology:!
GUT, Sci?e i h:leutrinos i fecacas : i Astronomy i i
y1/25 z Nuclear ! . == | :
| LHC | fission. | QHE! | ! | :
r-inflation parton--] E —eeboooby | : E E |
! L ! Cosm |, ! \ 1+ Solar ! :
i (@ s -[_ ' const EE ! \ | system ! E
i e & o | i ! o
10-3? cm Q/(\ e’%e' E1 f'rn E E‘- m i i 1is 1pc E 10%€ m
P N n’_ e IR | x|
! | IR i A
E 10"3EGeV 1J 168V i 1ev 1K1 i : i 10"0%yrs
; | | | :
Planick l ‘u'"-' Visible | ! i r-Hobble
length qulks+ llght P?'Sd:" BTSRRI -1 length
: leptons | CMB: '-----Eg.‘hh _ Galaxy
b Rydberg v Classical Mechanics :
Stiing iTheory 4z Copdensed : Matter X =hc/ E
AdS/CFT =+ RHIC hc =200 MeV fm

https://phy.princeton.edu/research/high-energy-theory/gubser-group/outreach/energy-scales-in-physics
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Nature has naturally many scales (‘‘divide et impera)

e Pointlike
Electron scattering on a proton WA _
| J
p." pe" : Form factors
Q2 ! Structure functions

Q2 = (pein' peﬁn)2

@ Higher and higher Q?
(= smaller and smaller A4) Q* |
new physics regime A

A~VQ* or A~1/2
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Successful example of EFT: Fermi theory of weak interactions

Vu [ Current-current ‘universal’* interaction
e _>< ‘Contact interaction’

e-v, PH-V,

* Same coupling constant
Gr

My; = 7 g [V (1 =Py’ (1 - 7)) for all weak interactions

" Neglecting the lepton masses (m, ~ m, << E,):

G2s S = energy? in the center of mass =2 m, E,,
= = Gy = Fermi constant measured in the p decay

(@ a scale A ~ my) = 1.16 *10> Ge V-2

GVue_ T T

" The cross section cannot be higher than the value corresponding to the max
of the scattering probability ( ‘unitarity violation’) o Zg;tic

o ;fg;ﬁc — (21 +1)16 7z/s From partial wave analysis neglecting spins

[ = angular momentum

® The Fermi cross section violates unitarity Vs = Gr = 300 GeV
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Successful example of EFT: Fermi theory of weak interactions

e-v, PHu-V, Vu T
" The divergent behaviour is ‘cured’ W . ,
by introducing an ‘intermediate’ . [8uv2— qugv/ miy |
massive boson of Spin 1 as propagator  _ . T M
[ A V,

g% = (p"- p /™)

Myi =[S (1 - 1) y] 22 ;q“qu/mév (B2 g37 (1-7)y]

For 4> < mj, one obtains back the contact interaction ( A ~my )

Expansionin § /M L __ ! (1+q,2/+ q4/+ )
P =aMw e T T, U, s

. . 2 2
— Y (ZYW (5,4 P, u) (4* P 1 Gr_ 9y
M MI%V (2\/§ (D" P p) (€7 LVe),V£)+O( ) V2 8MI%V
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Great success

Intermediate Energy Cross Sections:

1983: W discovery: pp2W X

Ev~0.1-100 GeV Lof i
UA1 W — ev
Quasi-elastic scattering: v, n — u™ p 290 EVENTS
FERMILAB-PUB-12-785-E Ba‘;g’a’;g" from
— 2.5r 0L processes
8 & ANL PRD16,3103(1977),D, A  GGM, NC A38, 260 (1977), G H,CF,Br - WtV
) o BEBC,NPB343,285(1990),D, &  MiniBooNE, PRD 81, 092005 (2010), C <
- 2 a BNL PRD 23,2499 (1981),D, »  NOMAD, EPJ C63, 355 (2009) E
c o FNALPRD28,436(1983),D, v  Serpukhov, ZP A320, 625 (1985), Al -
C\l\ — NUANCE (MA=1.0 GeV) % SKAT, ZP C45, 551 (1990), CFBBI‘ i
€ 1.5 g 20 i
o - ]II I, ; l W
(-] | T ~ —
‘? | *I]lTl 3 + T l I E
o 1_ [o =l 21| A I I_. [ I >
e N “IO Y/ ! ) - L 1T o
— - A % lAA"A‘A' l} FI Ay ol © | l
.Q- = f A .l | 3 % é % 10 =
= 0.5
e I
c B Casper, D., 2|002, Nucl. Phys. Plroc. Suppl. 112, 16|1.
< -1 2 0 ! 1
5 10 1 10 10 0 20 40 60 80 100 120
E, (GeV)

M, (GeV/c?)

C. Albajar et al., (UA1 Collaboration),
Z. Phys. C 44, 15 (1989)
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Another example of EFT : multipole expansion

" Potential from point-like charges (sources)

/] \k\, [ 1 1
§¢\5!.-'4@” \%\‘-!i#. SO Vi) = - lZ blmﬁYzm(ﬂ) bim = Cima’

0
SN SIS

"n‘ "i\“\\ Cimn  dimensionless coefficient

a \\
II Il‘ a short distance (high energy scale) A ~ 1/a,
\

V(r) = %lz Clm (%)l Yim(Q) Expansion in /
" d=a/r

RS

o
Sz ‘a " Simplification if ¢ << r (far)

N
=7

NN
";&?ﬁ@k}%&#g " The field far away from the sources looks like
?" i \ a point-like charge (truncation to small /)

JHIERORS
NS
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Other examples of EFT

HQET Heavy quark effective theories

Low-energy dynamics of hadrons containing a heavy quark.

Expansion parameter: Aqcp/mq

Chiral Perturbation Theory

Interactions of pions and nucleons at low momentum transfer. Expansion parameter: p/A,,
A, ~ 1 Gev

Soft-collinear effective theory SCET

Energetic QCD processes, the final states (jets) with small invariant mass M; wrt to the
center-of-mass energy of the collision (Q). Expansion parameter: M;/Q

SMEFT describes deviations from the SM. Expansion parameter: 1/A

SM is itself an effective theory valid at our accessible energies

EFT methods allow us to separate scales in a multi-scale problem, and
organize the calculation in a systematic way
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Example of (SM)EFT fit @ LHC

" Vector Boson Fusion (VBF) Let = Lsm + Z Eoi
Differential cross section R & '
— e e e R | R R c;,=¢C
2 10°FatLAS L, (5=18TeV, 1891 3 q q oW
= [EWZj— llj NE =0, & <05(EWSR
3 F?% L e Ratio to SM (Madgraph) 0,= /Kwhw/ewke
S ol 8 ot une. q“ﬁ ATLAS Simulation . .
CRe : EW Zjj—/ljj  of EFT terms One-dimensional
— s confidence level intervals
D+ﬁ ‘ ﬂli 11 ae
1:_[-‘ SHERPA2.2.1 4 u+ ﬁ+l o E ZRQ(M;MMdG) - 64Y1I-TL|4IS‘I ﬁrﬁl:wl.r.],a.w. T 1‘(§| B x1|3| TﬁYx |3u6: |113|? |f|b|
0] HERwIG7+VBFNLO ] = C \
@ i : ] I — | Mge|? + 2Re(MeyMags) g H ! ___‘_a;\l
g ort ' i | + R - -VBFZ *
315 B : — Combination :
‘2 051 H ﬂw% | e e—— 4:—1 _____________________________________________ ';____9_5__/___(_:_|;f
2 U 1 e S : 5
g R S L R N R - I_l . —'_l SRR & o
A¢ Agj | |ew/A?=0.2Tev? . E
| ' ] o o
” : APj; :
Eur. Phys J.C81 (2021) 163 . E i’! o i
-3.14 0 314 4N ] /,,,c,L
" EFT quantify degree of compatibility wrt SM in gl 0|15\‘(‘)'1"“;)}(‘)25“’;;55;§0}1 i |1’5 alid
a theoretically and statistically well sounded way Cy

in many distributions, comparison and combinations among experiments 19



Important to know well the SM

q q
ATLAS Simulation of EFT terms
" Vector Boson Fusion (BVF) . EW Zjj-lljj
Differential cross section i
— - — —— ., e A q \/_=13TeV,:
= [ ATLAS Vs=13TeV, 139 fb™ ] 5 \
() ) —
0] 1§'EW Zj — llj N =0, &,<0.5 (EW SR) ; | Mas|” + ZRe(MSMMde):
é o | *o o - ¢ Data, stat. unc. - l : zRe(M”S‘MMdG) I
=.10—1 = A A* K) | Total unc. | 03 L[] I
'8'_" « il : S i | Mgs |2 _
= ) :im ) : I | lcw /A2 =02 TeV~?]
S102F =1 £ S 0.0 ! ! '
L (4] SHerPA 2.2.1 A |—ET g 0.3 i i
3L ERWIG7+VBFNL | © —0.
10 B romeivg - Eur. Phys. J. C81(2021) 163 = ® § & | |
% 2 t S :Ci } . . — l: :
8 15 . 0.3 (i |
o el [} [ 4 [} [Pl E M| f, i
,(%0.5 = N « % - w0 : Ew//\2=0.2TeV_2
o 30 40 50 102 2x10? 10° 0.0 :
pry [GeV] ‘§§§§§ggggg
" Understand the predictions N8iggdgrgg
~~~~~ to}

(Sherpa has less tail or it is New physics?) |
® Know higher orders in QCD & QED
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Summary

Motivations for EFT mainly from an experimental point of view

" It takes time to build higher energy machines

" Nature has naturally many scales (“divide et impera”)

" Few examples from the past show that the EFT approach was successful

" EFT allow to quantify small deviations or the degree of compatibility
wrt SM in a theoretically and statistically sounded way in many
distributions, comparisons and combinations among experiments

¥ Reduced model dependence wrt direct searches
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Introduction and experimental motivation: End

v %

Supersvmmetrv

(.. * but it is not as

TECHNICOLOR easy as it seems ”’ ..)

HEP-EPS 2023 : Patrick Meade
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Additional references

Aneesh V. Manohar, Introduction to Effective Field Theories : arXiv:1804.05863v1

https://www.hep.phy.cam.ac.uk/~thomson/lectures/partlIIparticles/Handout10 2009.pdf

Mark Thomson lectures
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