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Fantastic Beasts and Where To Find Them
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@ It is quite likely that mass scale A of BSM particles is beyond kinematic reach of
current and near-future colliders

@ If that is true, EFT may be only way to collect partial information about BSM structure
(much like Fermi theory taught us about W and Z before they could be produced)

@ Even if new particles can be reached directly, EFT useful and compact framework for
practical calculations at E << A (much like we still use Fermi effective theory to
calculate weak decays of particles with m << mz)

Tuesday, January 17, 17 3



SM EFT Approach to BSM

Basic assumptions

® Much as in SM, relativistic QFT with linearly realized SU(3)xSU(2)xU(1) local
symmetry spontaneously broken by VEV of Higgs doublet field

® Mass scale A of new particles separated from characteristic energy scale E of
experiment, A >> E, such that experimental observables can be expanded in
powers of E/A

SM EFT Lagrangian expanded in inverse powers of /A, equivalently in operator dimension D

By assumption,
subleading
to D=6

Lepton number or B-L violating,
hence too small to probed at present

and near-future colliders Generated by integrating out
heavy particle with mass scale A
In large class of BSM models,
describe leading effects of new physics
on collider observables at E << A
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Advantages of SM EFET

@ Framework general enough fo describe leading effects of a large class of BSM
scenarios

@ Theoretical correlations between signal and background and different signal
channels ftaken into account

@ Very easy to recast SM EFT results as constraints on specific BSM models
@ SM EFT is consistent QFT, so that calculations and predictions can be systematically
improved (higher-loops, higher order terms in EFT expansion if needed). In

particular, SM EFT is renormalizable when working at given order in 1/A expansion

@ Some tools to assess validity of 1/A expansion
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Many possible D=6 operators!

One example of non-redundant set,
so-called SILH basis

Table 97: Bosonic D=6 operators in the SILH basis.

Bosonic CP-even Bosonic CP-odd
; " Giudice et al hep-ph/0703164
H 502 o .
2” 2 Contino et al 1303.3876
Oy Ly (HTE)H>
Og —~A(H'H)3
2 ~ g§ ~a a
Oy rg%/ HtH Ge,Ge, ?g mzv ot H%WGW
Ofy #HTHBW/BMV O'Y rgL_QWHTHBNVBMV
: ﬁ Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis, except
Ow 2mw <H o'D,H ) D qu that the operators [Of¢]11, [O%,]11 are absent by definition. We define o, = i[7,,¥,]/2. In this table, e, u, d
Ogp 2 ( ot ﬁ H) 0, B, are always right-handed fermions, while ¢ and ¢ are left-handed. For complex operators the complex conjugate
3 i i i operator is implicit.
OHW z (D HTO'ZD H) Wz OHW m%V (DNHTO' D,/H) W;“,
Oug L9 (DNHTDVH) B Onp % (DMHTD,,H) By Vertex Yukawa and Dipole
w
Oaw DWW, D,W, [Or1¢)i LGl H D H 0.]; VI [ He
Os5 = 0u By 0 By Ol | welic*yul; HI* Dy H [Oulij VI g Hu,
Oac —-D,G%,D,G4, ; [Onelis e HIDH [Odli; VI Fg
v . : o) g_ijkNi J Wk i S 2me me —
Osw g eTRWE Wl W Osw W Wi Wou [Onqli; 220V HID H Oewlij | 70" 0% Ho e, Wi
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on s ! oo i, Osc: 5 fabeGa, GY, G, [O)is | H@io*.q;H o ﬁ H Ously | LT e
. w
(Ol v%amujﬂﬁﬂ g T o
| | . . | Ougli; | 2 Y™ G o, Tou, GO,
Table 99: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis [614], except that [Ondli g J"y d: Hfﬁ H mw 2m“ — ’ »
the operators [Ogs]1221, [Oe]1122, [Ouu)3333 are absent by definition. In this table, e, u, d are always right-handed g ”‘2 v ~ " [Ouw]ij m% —V:l“ qigk Hoyu; W,]f,,
fermions, while £ and g are left-handed. A flavour index is implicit for each fermion field. For complex operators [Onudlij 2 Wivud; H D pH v, NI
; Qi o [OuB]i' gT—leHU VU'B v
the complex conjugate operator is implicit. J m3, v pv 2
_ _ _ _ _ _ _ _ [Odg]ij n“;]TS—‘QMdmd HO’M,,TadeZU
[Oaw i #—J Lgio HadeWZfV
0 L (0y,0) (0,0 Oee X Oge L (0y,0) (e / ma, M,
S plemellene) O e Ounliy | 7t = G0 B
Oygq 2 (77.9)(q7.9) Ouu oz (Uyu) (@) Oy 22 (L) (Uypu)
O | 2(@uo'd)@wo'e)  Oaa | 3 (dyud)(dyyud) Ou | g (lyut)(dvpd)
qu v%(Z’YN )(7’}//,LQ) Oeu v%(éfyﬂe)(77ﬂu) Oeq #(77“q)(é7“6)
O | o' 0(@o'e) O | p(Evue)(dyud) Oqu | w2 (@yug) (@)
Oquqd 1712 (qju)ejk(qkd) Oud 1712 ( _’Y/Lu)( _'Yud) O;u 1715 ( _VMTGQ)(_VHT(ZU) g :
Ot | H@TWei(@Td) Oy | (@ Tu)(dyTd)  Oga | 5(@7.0)(drud) Full set has 2499 distinct opera’rors,
Oveau L(We)e;r(Gu o' L (qv.T%)(dv,T%d . s D
tene || xEIelT ) i | ORI including flavor structure and CP conjugates
Oéequ U_lf(ej UMVe)Ejk(quwj )
Otedy 1 (Fe)(dg?) Alonso et al 1312.2014, Henning et al 1512.03433
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Observable effects of D=6 operators

@ Corrections to Higgs self-

m
: h
couplings 2 5 (1+0A3)h
@ Corrections fo SM Z and W
boson couplings to fermions J Y Fou-3Q 0N+ Y feou(~s3Qs +5gZ)F
(so-called vertex corrections) fEudiev So€us,de e

hvy =g[2(1 + 6cw)m%VW:Wﬂ_ + (1+dc.)m%2,2,
@ Corrections to SM Higgs
couplings to matter and new

tensor structures of these

interactions +¢:0097 200 Zyw + Cx0gLIY 210y Ay

500 22.G, G+ B A A + 00 2 7,0
+°99Z pv uu'*“"rvz pv :w+‘fz7£ pvdpy

2 2
g - 9 ir—
+Cuw fw;:,w,w + cwwfw;uww + cwngs (

2

€gL s JF
_ZpuApu + Cz2 Q ZpuZpu

2Co

g2 62
tCgg ZSGzVGZV + Cyy ZA#VA#V T Czy

@ Corrections to tfriple and

e =ie [((WELW, =W, W) A, + (1 +0k,) A WIW,,

quartic gauge couplings and +igreo [((140g1.) (WhEWL — W, W) Zy + (1 + 6k2) Zu W W, ]
new tensor structures of ¢

i - .91L.Co -
. : + A‘Y W:u WupAP# +1 2 Az W:u WupZPu
these interactions n
® Contact 4-fermion

. : Important: correlations
interactions

between different
parameters describing

@ .. and much more deviations from SM
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SM EFT 1n practice

o At first sight, working with a theory with 2499 parameters seems hopeless.

@ However, typically, working at fixed order in loop expansion, a much smaller set
of operators relevant for given process

@ Moreover, using constraints from previous experiments (e.g. from low-energy
precision experiments, or from Z-pole) may further reduce number of relevant

operators

@ Importance of convenient parametrization of space of dimension-6 operators that
makes explicit poorly constrained directions

@ Importance of global fits to make full use of experimental constraints
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Origin of dimension-6 operators

Example: heavy singlet vector in UV

Bosonic CP-even

1

L Ta,(HTH)]?

or | G (wbn)D

——(H tH)?
S HYH GG,

HTHB v By

W
9 (HTaiHZH) D,Wi,

2myy,
o <HT§;H) 0, B
24 (D HYG'D,H) W,

24 (D, H'D,H) By,

ﬁDuWﬁVDpW,gy
ﬁauB/wapB/w
—D G D,GY,
g EJkW WVPW/?M

93 fab Ga Gb Ge¢
W

vp T pp

Tuesday, January 17, 17

i
2

7 i
+§VﬂgHHtE;H -+ V# ngfO'uf +...

Vertex

T @

i foP oy b H ok D H

Tree-level operators in EFT
(H'D, H)?
EFT D4A2 )
1
YH gD, Hzgffauf

A2

biF A

(LL)(LL) and (LR)(LE)

2A2 nggf (fO',,,f)( Upf,) S omrowin




UV-EFT connection

@ Assume coefficient of D=6 EFT operator Example free-induced operator
measures Coupling”2/Mass”2 in UV theory.
Assuming that coefficient has been measured,
taking strong Coupling ~ 41 gives upper bound
on new physics mass scale A

@ Sometimes this counting is modified when
operator is induced at a loop level in UV
theory or by additional powers of couplings

Example free-induced operator

+ selection rules
@ With some (motivated) assumptions about UV

physics, one can work out rules to assign
powers of mass, coupling and loop factors to
each EFT operator

Liu et al

603 et Ozv

Remedios (sect. 4.1)
Remedios+MCHM (sect. 4.2.1) gV
Remedios+150(4) (sect. 4.2.2) g
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A few 1issues
of relevance
for FCC




Precision vs Energy in EFT

Two distinct interesting situations

Observables at fixed mass scale m High-energy tails of distributions
(e.g. Z or Higgs decays) (e.g. 2-fermion production )
2
o CgTn
=1+ ==
TSM TeV
Increasing UV scales probed in EFT Increasing UV scales probed in EFT
achieved solely by increasing may be achieved by increasing
measurements precision energy scale of measurement
For Higgs decays, For E”"2 dependent observable,
and tree EFT operator ~g*"2 and tree EFT operator ~g*"2
given experimental precision & given order 1 experimental precision

O 7TeV €e=10%

eV
max "~ \/E ~ 20 TeV € = 1%

70 TeV €=0.1%

ArE 40 TeV  €=10%, E =1 TeV
™ o] 400 TeV  e=10%, E =10 TeV
Ve 1000 TeV € = 10%, E = 30 TeV

In many cases, increasing energy may be more straightforward than increasing precision

For specific real-life example, see talks of F. Riva and J. Ruderman
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Higgs self-interactions in EFT

Some D=6 operators may need to wait till FCC to be meaningfully probed

Bosonic CP-even

One example: non-derivative Higgs self-interaction
(may contain crucial hints concerning
generation mechanism of Higgs potential)

4 (H'o'D,H ) D, W,

2m

w

(D, H'o'D,H) W},
S (D,H1D.H) B
DLW, D W,
ﬁauBuvapov
D, G, D, G,
W WA, W,

3
gs abca b c
L feeGs, GG

pr v~ pp

_ 3_ 1,
Co — 5CH — 5(Crel22 | -

@ Measurement of Higgs self-couplings convoluted
with measurement of other Higgs couplings

® May need differential distributions and/or
resolving different double Higgs production mode
to extract corrections to self-coupling
LHCHXSWG Bishara et el
1610.07922 1611.03860
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Higher-point vertices

@ EFT Lagrangian with D=6 operators predicts contains confact vertices with larger
number of fields than in SM

@ One currently unexplored example is new interactions of Higgs boson with 3 gauge
bosons

@ In EFT, their coefficients are related to the anomalous triple gauge couplings
(equivalently, to higher-derivative Higgs couplings)

@ At LHC not much hope to probe these, due to phase space suppression ->
interesting to explore FCC capabilities

h
Lhyww = eg,%; {2z'cwg(9,,W:WJA,, — icwg(?MW;“W;AV — z’cwg(?MW:W;A,,

h
_z'cwwVV;r WA, + h.c.} — iegi;AWWjWy_ (SCwD + Coy + sgcw) (1.3)

v

h
Lhoww = i1/92 + g}%giz {— (cwg(2 + C?)) + cwwcg) W;;WM_Z,, + cwgsg((?MW;Wy_ — 8,,W;W;)Z,, +

. h _
— /g + g}%g%;ZWW:WV (3cwnCs 4 Cow — S5Cay — SgCyry) -
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Work in progress
with R.Rattazzi

multi-Hiqgs production as test of linear EFT

Going beyond SM EFT fo non-linear EFT,
multi-Higgs production becomes strong at
scales of order 4mv, even for small
deviation of Higgs self-couplings from
SM. Strong test of linear EFT at FCC

" n'h

m VL

nlms
n

(VLVL — h™) ~ oA

h*ViVi = "V Vi

|5)\3| A [TGV] Npest ASMEFT [TGV]
0.01 4.5 9 160
0.1 3.9 6 50
1 3.1 4 16
10 2.0 2 5.0
.................... 20 1.6 1 2.8
40 1.1 1 1.4
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Much more than just S and T...

Peskin Takeuchi
pre-arxiv

Barbieri et al
hep-ph/0405040

Equivalent to restricted form of flavor-diagonal vertex
corrections, 4-fermion operators and W-mass corrections:

203T — (2 + 93)S + 293 W + 20xCo—svly

L

4(9% — g%)

Wells Zhang
) (291 T — (97 + 9%)S + 297 W + 2g7 Y] 1510.08462

lcee| 1107 = [W — %Y] lcee) 11 = —2aW, I<
i

2
[ceelrrrr = — @ [W + g—gY]
9L

[Cee]IIJJ =

Tuesday, January 17, 17


http://arxiv.org/abs/arXiv:1510.08462
http://arxiv.org/abs/arXiv:1510.08462

EFT vs Oblique Parameters

® Measurements of some oblique parameters may be improved in hadron colliders as
compared to previous leptonic machines

@ However, even bigger advantage is that hadron colliders are exploring directions of EFT
space that are weakly or not at all constrained by lepton machines

@ This is obvious for operators whose effects grow with energy, such as 2-quark-2-lepton
or 4-quark operators. However, important input may also come from lower energies.

@ For example, couplings of Z boson to light quarks were not all constrained in model
independent way in LEP, and constraints can be very much improved using Drell-Yan
production in proton-proton collisions.

—1.00 £ 0.64
—1.36+0.59 | x 1072,

Difficuli~— "\ 1ess0m
—0.26 £ 0.28 —0.37 £ 0.27 °
to compe’re = 01+11 ) x 1073, [6g%%); = ( 0.0+ 1.3 ) x 1072, OPPO”U””
0.16 + 0.58 0.39 + 0.62

~ knockin

—0.8+3.1 1.3+5.1 o 9

—0.16+£0.36 | x 1072, [dg2*]i = [ —0.38£0.51 | » 1072,

—0.28 4+ 3.8 X J

—1.0+4.4 2.9+ 16

0.9+ 2.8 1072 6¢2Y,; =1 3.5+5.0 1072
< 1077, 99%"] <10 Efrati,AA,Soreq

1503.07872
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1.08 0.35

TVBE ] 4 1.495¢,, + 0.516c. — | 111 | cur — 0100 — | 035 | cao
1.23 0.40

—0.04¢,, — 0.10c,o — 0.02¢,,
— 1+ 20c, — 2.25¢c,0 — 0.83¢c;, + 0.30c;, + 0.12¢,,.

Oggh
G = 1+ 237cgy + 2.060y, — 0.066ya.

ggh

gluon fusion

........ Already at LHC, Higgs measurements at different proton
collision energy greatly enhance discriminating power of

data due to reducing degeneracies among EFT paramefters.
Interesting to explore whether running FCC at different
proton energies is advantageous from EFT point of view

6.39 1.49
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9.43 c.o+ | 441 Jc..— | 084 e, — | 044 | ¢y
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2~ 1420+ | 540 |eo+ | 180 |+ [ 082 |+ | 022 | e,
o2Zn 5.72 1.82 0.87 0.22 020 £ 0.32
7.61 3.31 0.58 0.27
777 e+ | 335 |eo— | 060 |+ | 028 |
8.24 3.47 0.65 0.30 7
:) TeV
13
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Higgs Run1&:2
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2
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@ SM EFT may well be all there is at the FCC

@ It is important to estimate quantitatively how the
FCC could improve coverage of parameter space of
dimension-6 operators compared to the LHC, lepton
colliders, and low-energy experiments
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