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Beyond the Standard Model (BSM)



BSM dictionary

A:\ C I&) nonl | P

lemda “The o2

Iangqu( In alphah ’eOf"ewphVSMS
Oor thi .

* From a hottom-up perspective it represent the scale
up to which only SM fields propagate
* |t parametrizes our ignorance of physics above A

* From a fop-down perspective (Where we assume a
given BSM) it represents a typical mass scale (e.q.
muz in 2 Higgs doublets models) -

* Sowme models have wmore scales...

Synonywms: UV scale, Cutoff, Microscopic sca .



a BSM Higgs? ii

4

What did we learn from ’rhenggsVIslcovery/ Mass about the Microcosm?
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a BSM Higgs?

What did we learn from ’rheHnggsVuslcovery/ Mass about the Microcosm?

; (Later: what can be learned from couplings?)

+ Because of my=12% GeV the EW phase transition in the early
universe is not first order

(Sakharov (1967): to produce the baryon asymmetry we need an out-of-equilibrium situations, like in a 1st order phase transition.)
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~5 Need BSM! e
..but there are models with A = 10'°GeVv that ¢an produce the
baryon asymwetry (leptogenesis) A=?



a BSM Higgs?

The hierarchy problem (brief): m =0 m ()
Fermions: VL 294 YL, ¥R
* Number of degrees of freedom... ypptors: & 29 3 = (O
Scalars: o 11 ¢

Discontinuity =» quantum corrections cannot generate a mass...
Scalars have no discontinuity = generated mass of order cutoff /\

(the same oo
OOWIPUfaﬁOIn WOUId be g | PNk SCale 110 %mA
used to caleulate the A
tewmperature for a ot ]

snowball in hell: you

S8 N expect it to melt!)
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a BSM Higgs?

The hierarchy problem (brief): m =0 m ()
Fermions: VL 294 YL, ¥R

* Number of degrees of freedom... ypptors: & 29 3 = (O
Scalars: o 11 ¢

Discontinuity =» quantum corrections cannot generate a mass...

Scalars have no discontinvity =» generated mass of order cutoff A
&’ o (the same wrd o

L N . 10" GeV 1
”g y computation would be | Panckscae-~t 10%en
| 9 Used to calculate the e
% 1 D T O 8 Y 3 2 0o
Eh p = mm temperature for a
_ - snowball in hell: you
expect it to melt!) /—ﬂﬂ- ..\

Simplest known solution: Naturalness A ~ TeV



a BSM Hiqas?

Summary so far: Physies BSM exists (PM,baryon
..Dut we do not now its scale (and the Higgs didnt add much) —

- A ~
= o =
New States ; No new States at LHC!
] big (resopah - model-independent

big wedel-dependence parametrization possible

~# Most general Lagrangian with SM gauge aroup and field content:

Effective Field Theory: £ = AYio0p A°|H|*+Ly %15 | ig L.

mn=1256GeV ->A=1 TeV




Effective Field Theory

Write the most general Lagrangian with only light (SM) fields: it will avtomatically
include all effects that can be generated at A and how they modify SM physics!

Lrrr = La<a- Ljf | ﬁg g L

But this is non-renormalizable! K4
“Non-renormalizable theories are as renormallzable as renormalizable ones” - 8. Weinberg

(meaning that infinities are still unobservable and the theory remains predictive - to a givenO(E/A) )

Where does it come from? (top-down perspective)
E.q. a theory wu’rh a heavy resonance of mass 1, = A, would look at low energy exactly like this:

A 2 & A2 (e.q. Ferwi theory)
n P . 2w7M¢¢7u¢ —I—O(ﬁ)
1 I+ A2

H'H|B,,B"

What does it do? (bottom-up perspective)

It deforws the relations implied by the SM L = Li<4
Exemple, the relation between Higgs couplings and particle masses:

H|*

Lsn+ Cr s ULHYR = <



Effective Field Theory

Ly L -
EEFT:£d§4| 0 | 6_|_... * ® )
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EFT for the Higgs, why?

- Prac’ncally EFTisa svs’rema’nc paramefrlza’non of devua’noms from the SM
and carries a physical meaning = precision tests comparable with direct searche
- Theoretically: If EWSB sector strongly coupled, bigger effects here

Ok, but how many new parawmeters are we talking about?

A
How many? Only one*... (LH XLH ) H = iooH

]go smglll What BSM generates it?7 Heavy RH neutrinos with m= A S
or 2
U

What does it do to the SM? Gives mass to nevtrinos m, o —

Lﬁ Next slides...

(*= for simplicity I'll consider a universal flavor structure and no CPV - See Gori’s Lecture)



EFT fOr Higgs Physics Whafdofhevdo’ro’rhﬂ/l_?'

Are they already constrained?

Has many terws, but onlv@ffac’r Higas Can we see thewm at THC?
S physlcs (modifying t predictions) p— ——

O, = |H|*(D,H)!(D"H) | | Ows = 4 (H'o"H)W,, B*
— 2

Oye = val HPQr Hi or =} (D)

_ 27
Oy. = yelHPLiHer O% = (iH' D, H)(ary"ur)

—_ 2N = —
Oy, = yuz!H *QrHug 0% = (iH'D,H)(dpy"dp)

_ A A \ag
Oce = % |H|*G, G 0% = (iH'D,H)(éry"er)
12
Opp = Y |H|* By, B"” O = (iHTEuH)(QL’Y“QL)
L —

Oww = 9—|H|2W“,,W““” 0¥ = (iH'6*D, H)(Q o Q)
O = A|H|° | N |

Op = (iH'D,H)(LyyLy)

\ 0P = (iH'0*D, H)(L oy Ly)

Actually a small number:

if #terms < #observables — relations
D —-t SR




Are they already constrained?
s Hy | PUPUINY S --T['HC?

Is=7TeV,L<51fb' \s=8TeV,L<19.6fb"

EFT fOr H[ggs PhYSIOS Wha’rdofhevdo’ro’rh‘e.s_M?'

, e CMS Preliminary P
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parameter value

In the vacuum <h>=v, operators | H|* x Lsys only redefine SM
parameters! » Observable only in Higgs physics!
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g—ga,,,,au vaccy (gg | AZ)GWG“ +h A2G ,GH +



EFT fOr Higgs Physics Whafdo’rhevdo’ro’rh‘e.ﬂ/l_?'

Are they already constrained?
. fian e seg.fhep.at THC?

CMS Prellminary
) ' Simtae 22
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~ Measurements couplings are motivated by this framework
~4 X parameters are actually testing the SM <« = 1 versus the EFT < # 1



: : What do they do to the SM?
EFT for nggs PhYSlCS Are they already constrained? |
iV

O, = [H]2(D,H)!(D*H) Ows = “f (H'o"H)W,, B

Oy, = ya|H|’QLHdR Or = 3 (HtBuH)

Oy. = ye|H?LyHeg 0% = (iH' D, H)(ary ur)

Oy, = yu|H|*QrHug 0% = (iH' D, H)(dpy"dp)

Oce = %|H[2GA,GAW 0% = (iH' D, H)(ery"er)

Opp = %|H|*B,, B 0! = (iH'D,H)(Qry"Qy)

Oww = & |HPW2, W 0P = (iH10“D,H)(Qro*1"Qv)

O = A\ H| | O, = (iHTlSLH)(ZL'y“LL) |
0P = (iH'oc*D,H)(L,o*y*Ly)




EFT fOr Higgs Physics Wha’rdofhevdo’ro’rhe.S_—M?'

Are they already constrained?
In the vacuum <h>=v, these T—T
operators ¢can be measured!

v P )
- | :- OT: % (HTDMH)
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of ’rhese operators modlfv
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(Gupta),Pomarol,FR'13-14; Falkowski,FR'14



EFT for Higgs Physics rpiotherdotote st

already constr
In the vacuuwm <h>=v, these s
operators can be measured! f
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EFT for Higas Physics  rmotberdotothe S

already constrained?
In the vacuum <h>=v, these s
operators can he measured! *

-

T

21 of these operators modify (wrt SM): ? - ( D, H)?
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Swall Sumwmary: What do they do to the SM?

YW, BH

v

O, = |HP(D,H) (D*H)

Oy, = ya|H|?QrHdR

Oye = ye|H|2ZLHeR

Oy, = yu|H|2QLFIUR

2
Oca = %"-lHPGﬁUGA“V

2
Opp = 94—|H|2BMVB’““/

2
Oww = L |H|*W g, W

Og = A\ H|°

Might as well use these as parameters, to keep
relations between observables manifest!

“BSM Primaries”




Can we see them at LHC?

h i Z ffior .= W £k

Kelated wini Z7F couplings

Related with Triple Gauge Coupling
Related with h — sl v~y
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a Can we see them at LHC?

CB5todial Symmetry in h decays h->VV*

o Off-Shell V 4 Integrated Decay Width already sensitive
° My + Mwy " o p-dependence of hVV coupling

—0.50k, — 16Kz,

045 405 0




+ EFT: systematic and self-consistent framework that motivates
precision tests of the SM in terws of a physical quantity A

Naturalness is the only principle suggesting
this is small, and its effects visible at LHC...

* Leading expected BSM effects, parametrized by dim-6 Lagrangian:
17 New interactions that modify the predictions of the SM

* Given constraints from LEP: LHC is genvinely probing only
the 8 “Higgs-Only” operators with [HI2

~5 Measurements of ~°and h—Z~ can still hide 0(1) deviations from SM
—4 Deviations in distributions expected much smaller



Years from Th. Proposal to Exp. Discovery

I The Standard Model of particle physics

Years from concept to discovery
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