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Status report

@ SM has been excessively successful in describing all collider
and low-energy experiments. Discovery of the 125 GeV Higgs
boson is the last piece of puzzle that falls into place. There
are no more free parameters in the SM.

@ We know physics beyond SM exists (neutrino masses, dark
matter, inflation, baryon asymmetry). There are also some
theoretical hints for new physics (strong CP problem, flavor
hierarchies, gauge coupling unifications, naturalness problem)
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Post LHC era

No evidence for new particles beyond the SM up to ~1 TeV

Theoretical motivations that have been driving most new
particle searches now appear highly doubtful. We don’t
have a good idea about the scale A of new physics

Even for dark matter, there is no solid arguments that it
should be accessible 1n high-energy colliders (and some
arguments to the contrary)

At this point, further progress most likely will come
from precision measurements



Fantastic Beasts and Where To Find Them
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%  The hope is these measurements will allow us to estimate the scale A of new

physics, as a target for the next high-energy machines (LHC-HE, FCC, RTM(C)

@ Furthermore, comprehensive precision program may give us partial information about
BSM structure (much like observables in the Fermi Theory had taught us about W and Z
well before they could be produced in colliders, or as LEP precision measurements had
given us a possible window or top/Higgs masses before their respective discoveries)



Universal Language: SMEFT

Basic assumptions

@ No new particles at energies directly available in
experiments

® Much as in the SM, relativistic QFT with linearly
realized SU(3)xSU(2)xU(1) local symmetry

spontaneously broken by VEV of Higgs doublet field < A < A

SMEFT Lagrangian expanded in inverse powers of A, equivalently in operator dimension D

1 = 1 = 1 s 1 =
r D—5 : D=6 D=7 D=8 N
SM EFT = LsM + _,‘ S o) 2 -+ 3' L + T / ,‘ | -}

. ” %, Subleadi ng
Generated by integrating out

-
o

wrt D=5/6
lepton number or B-L violating if AL/A
heavy particles with mass scale At, Generated by integrating out high enough
responsible for neutrino masses heavy particles with mass scale A
b In large class of BSM models that conserve B-L,
ALs 1015 GeV D=6 operators capture leading effects of new physics

on collider observables at E << A

TeV <= A < ?


http://arxiv.org/abs/1303.3876

Two broad classes of precision experiments

High Energy Colliders Low-energy measurements
LHC flavor physics
ILC atomic parity violation

LHC-HL dipole moments
parity violating electron scattering
neutrino scattering




Precision vs Energy in EFT

Two distinct interesting situations

Observables at fixed mass scale m
(e.g- Z or Higgs decays)

O C6 m2

— ~|1 4 2
OSM | | AQ‘

Increasing UV scales probed in EFT

achieved solely by increasing
measurements precision

For Higgs decays,
and tree EFT operator c6~g*"2
given experimental precision ¢ = 0.1%

70 TeV g, ~ 4x
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High-energy tails of distributions
(e.g. Drell-Yan production )

Lo
OSM £ | A2

Increasing UV scales probed in EFT
may be achieved by increasing
energy scale of measurement

For observable at E~2 TeV,
and tree EFT operator c6~g*"2
given experimental precision ¢ = 10%

110 TeV g, ~4m

>
AN<£ 91eV g, ~1
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P(e, e*)=(-0.8, 0.3), M =125 GeV

400 e
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for the latest news see 1710.07621 and 1711.00568 \/g (G eV)

Initially ~20km machine colliding electrons and positrons in Kitakami/Japan,
with c.o.m energy of 250 GeV. Upgradable to “30km and 500 GeV

Clean environment of e+e- collisions fogether with high luminosity will allow for
per-mille level precision studies of Higgs boson interactions



LHC 3000 fb™' (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent  fit)

LHC 3000 fb™ @ ILC 250 GeV, 2000 fb™' (Model Independent EFT fit)

LHC 3000 fb™' @ ILC 250 GeV, 2000 fb™
@ ILC 500 GeV, 4000 fb™' @ 350 GeV, 200 fb™’ (Model Independent EFT fit)
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£% CKE 0, (H H)d,(H'H)

But then *all* Higgs boson couplings
present in SM are universally rescaled

h 2 W +miZ Z
4 :! A/ | 1/ ‘ 7 /

cpOv”

2A2

= 1.09 = 0.11

ATLAS + CMS
1606.02266

For the negative-sign bound

A 9 TeV Gy ~ A  weakly coupled
= s *
g« R E <k 700 GeV g, ~ 1 strongly coupled



http://arxiv.org/abs/1606.02266

£% CKE 0, (H H)d,(H'H)

But then *all* Higgs boson couplings
present in SM are universally rescaled

: [Q‘TN.%V W’H' W, +u 152 n N]
cpov”

1 ,
T 2A2

2my WIW, +m32,2,

Bound on Wilson coefficient cuo from Higgs signal strength measurements at LHC

2
1= 1.000 + 0.001 0.002 < CHADQ” <0.002 @95%CL
ILC
3606.02266
A > E 5 TaV A 70 TeV g, ~ 4w  strongly coupled
g N ' & 5.0 TeV g, ~1  weakly coupled
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Effects of D=6 operators:

;L 7 - F (}L 7 7 - 7 — F— \
+Coprne 2 =W W, + G > e :;,‘ o+ eengl (W 0.W,, +he)
B

+(:99 q‘? C;V ,'sz -+ (m\ 4 A;.u/A#,, + Con A z Z/-“/A#V 4 Cos 1;(1‘2 J Z}.U/

+CzI_IQLZﬂdem/ =+ CqI_JQ'LQYZpduA/w
€gr .

2 ‘
gs a0 / 9;, ’ 7
+(:99 C}!u hu -"'\" IA“UA#V + (:z":{ %Z; A.U"’ g s (.2 Jpvzjﬂf

@ Shift the SM Higgs couplings fo
matter

@ Introduce new 2-derivative
couplings to gauge bosons that
are not present in the SM at

tree level
Lige =1 (w+w--w W) Ay + (1 +am) A, WHIW, — R A, WHW,

et pe " e

@ Introduce CP violating couplings [ (1= d1,0) (WA W, = W, W) 2 (L4 B05s) Zu WL W, + u B W W, |

s qr.c q
to fermions and gauge bosons A MW AW A+ i MWW, Zo i D W Wi A+ 4500 WA W 2y

r

@ Correlated with shifts of
anomalous friple gauge couplings

Assuming MFV Yukawa couplings and no CP violation,
Higgs coupling deformations in EFT are described by 9 parameters
This set is extended to 10 parameters if considered in combination with
W and Z boson self-couplings



Global ILC constraints on Higgs EFT

Durieux et al, precision reach of the 12-parameter fit in Higgs basis
1704.02333

B LHC 300/fb Higgs + LEP e*e"->WW B CERC 240GeV (5/ab) + 350GeV (200/fb)
B LHC 3000/fb Higgs + LEP e*e"»WW B FCCO+ee 240GeV (10/ab) + 350GeV (2.6/ab)
light shade: e*e™ collider only HILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)

solid shade: combined with HL.-LHC [ CLIC  350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)
blue line: individual constraints
red star: assuming zero aTGCs
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ILC offers good coverage of Higgs EFT parameter space,
even in the global picture when all dimension-6 operators
are present at the same time



Global constraints
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on SMEFT

Z coupling to LH fop
related by SU(2) symmetry
to Zbb and Wbt couplings

thus is well constrained

Z coupling to RH is
very weakly constrained
at presenf!




Opportunity for ILC

ILC 500 GeV individual

Ccross-sections +——e—
asymmetries

combined

Ath — Ae:z:p — 1%

see also
Amijad et al
1505.06020

-0.2 -0.1 0 0.1

Englert, Russell _
1704.01872 ¢i = civ?/A* (x1/10)

1% precision measurement of ZtRtR couplings is
possible, which will put this coupling on similar
footing as those measured by LEP
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Global LHC-HL constraints on Higgs EFT

Durieux et al, precision reach of the 12-parameter fit in Higgs basis
1704.02333

B LHC 300/fb Higgs + LEP e*e"->WW B CERC 240GeV (5/ab) + 350GeV (200/fb)
B LHC 3000/fb Higgs + LEP e*e"»WW B FCCO+ee 240GeV (10/ab) + 350GeV (2.6/ab)
light shade: e*e™ collider only HILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)

solid shade: combined with HL.-LHC [ CLIC  350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)
blue line: individual constraints
red star: assuming zero aTGCs
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For most observables, high-luminosity phase of the LHC
will only bring marginal improvement of accuracy



Precision vs Energy in EFT

Two distinct general situations

Observables at fixed mass scale m
(e.g- Z or Higgs decays)

O C6 m2

— ~|1 4 2
OSM | | AQ‘

Increasing UV scales probed in EFT
achieved solely by increasing
measurements precision

For Higgs decays,
and tree EFT operator c6~g*"2
given experimental precision ¢ = 10%

A>{ 7 TeN g, ~4dm

0.6 TeV g, ~ 1

High-energy tails of distributions
(e.g. Drell-Yan production )

Lo
OSM £ | A2

Increasing UV scales probed in EFT
may be achieved by increasing
energy scale of measurement

For observable at E~2 TeV,
and tree EFT operator c6~g*"2
given experimental precision ¢ = 10%

110 TeV g, ~4m

>
AN<£ 91eV g, ~1




Precision vs Energy in EFT

@ General rule: for observables at fixed scales << 1 TeV, such as
Higgs decays, the impact of LHC-HL is going to be marginal

@ However, for observables where new physics effects are
enhanced by E"2/A"2 LHC-HL can still have a significant impact



Example:

Diboson production at LHC-HL

@ There are exactly 4 linear combination of dimension-6 operators
contributing to diboson production, interfering with the SM, and
giving effects growing as energy squared

@ These 4 can be measured with much better precision as LHC-HL
collects more statistics on the high-energy fail of the distribution

Amplitude High-energy primaries

urdy, = WirZp, Wrh \fa(:g)

uruy — WLWL
CZLCZL — ZLh
drdp, — WiWy, 1 3)
(g = — Qg
uruy — ZLh

OO

frfr — WiWy, Zrh

Low-energy primaries
2

V%%—hwwﬁl—wiﬂg—
w

¢y 097 ]

24>

+ Ty 097 + coy 092,/ 9]
mw

2
_i {YLte 0Ky + TgL5912+CeW595L/9}
mW

{Ythe 5/-437—|—TfR5gl +C@W59fR/g]

17/12.01310

Franceschini et al



Diboson production at LHC-HL

, ° Syst.
. — 14 TeV 300/tb

[ —— 14 TeV 3/ab
0.2 0.5

Franceschini et al
17/12.01310

Qualitative improvement in reach for new physics models
with LHC-HL data




Example: Drell-Yan production in LHC-HL

Two-fermion production (via charged or neutral currents)
can be affected by 4-fermion SMEFT operators

SM background NP (EFT)

Borrowed from Martin Gonzalez-Alonso




Drell-Yan production

Complementarity of LHC and low-energy measurements

(ee)(qq)

[Céz)]llll [Ceq]1111 [Ceu]llll [Ced]llll [Ceq]1111 [Ceu]1111
Low-energy | 0.45+£0.28 | 1.6 £1.0 | 2.8 & 2.1 3.6 £2.0 —1.8+1.1 | —4.0x£2.0
LHC;5 | —0.7075% [ 257572 | 29755 | —1.6757 1.6755 1.6772
LHC1 o —0.84" 050 | 3.6750 | 44770 | 24770 24750 1.97%9

LHCo - 10T 50 £7.2 [ 74290 | —36+8.7| 38459 | 2.173%

(1) (qq)
[Cg)]%ll [Céq]2211 [CEu]2211 [Ced]2211 [Ceq]2211 [Ceu]2211 [Ced]2211
Low-energy | —0.2+1.2 | 4+21 | 18+19 | —20+37 | 40+390 | —20+190 | 40+ 390
LHC;5 | —-1.2270%2 [18+13[20+£16] —1.14+20 ] 1.1+1.2| 25715 | -22+20
LHCyo | —0.7270%7 | 3.273% | 3.977% | —2.37T,5 | 23753 1.677% | —4.4+5.3
LHC 7 —0.777% | 3.27.%° | 43750 | —3.6£9.0 | 3.8+£6.2 | 1.6757 —8+11

Chirality-violating operators (u = 1 TeV)

[Ceequ]un [Ceedq]lln [Céi)u]nn [Ceequ]2211 [Ceedq]2211 [Céi)u]zzn
q q

Low-energy | (—0.6+2.4)10~* | (0.6 £2.4)10~* | (0.44+1.4)1072 | 0.014(49) | —0.014(49) | —0.09(29)
LHC 5 0+2.0 04+2.6 0+ 0.91 04 1.2 0+1.6 0+ 0.56
LHC 0+2.9 04 3.7 0+1.4 0+2.9 04 3.7 0+1.4
LHC, 7 04+5.3 04 6.6 04 2.6 04+5.5 04+6.9 04 2.6

AA, Gonzalez-Alonso, Mimouni
1706.03783




Drell-Yan production at LHC-HL

Factor of 2 improvement of the scale of new physics probed by Drell-Yan processes

ATLAS 13TeV (36.1/fb) _
EFT 1
UV model

300 fb~" (dashed)
3 ab~" (solid)

Min TeV

Alioli et al 1712.02347



/ pole measurements at LHC and LHC-HL

@ For certain observables without energy squared enhancement,
opportunities still opened

a@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 near Z-pole in
proton-proton collisions.

—1.00 % 0.64
S i —1.36£0.59 | x 1072,
Difficult~~ 1.95 4 0.79 )
—0.26 +0.28 —0.37 £ 0.27 :
to compe’re 1 0.1+1.1 x 1073, Zel. 0.0+ 1.3 x 1073, Oppor’runl’r
0.16 = 0.58 0.39 & 0.62

~ knocking

—0.8+3.1 1.3+5.1
=1 —016+0.36 | x 1072, —0.384+0.51 | v 1072,

~0.28 £ 3.8 X J

~1.0+44 2.9+ 16
9+2. —2 = 545, 2,
09+28 | x1072 i 3.5£50 | %10 Efrati,AA,Soreg
1503.07872

0.33 £0.16 2.30 £ 0.82




Meanwhile..

LEP-1 and SLD: Z-pole @
0.23149+0.00016

LEP-1 and SLD: A2

|_‘_|
0.23221:0.00029

SLD: A,
1 0.23098+0.00026
CMS uu 1fb

_
0.2287+0.0032

ATLAS ee+uu 5 fb™
0.2308+0.0012

-1
LHCb uu 3 b 0.23142+0.00107

1
CDF uu 91b 0.2315+0.0010

CDF ee 9 b o
0.23248+0.00053

CDF ee+uu 9 fb’ e
0.232210.00046

-1 ——
DO pu 9fb 0.23016+0.00064

-1 ——
DO ee 10 fb 0.23137+0.00047

1
DO ee+uu 10 fb ~*7 0.23095+0.00040

TeV combined: CDF+DO0 +O_23148i0.00033

0.226 0.228 0.23 0.232 0.234

. 2 _lept
sin® 0

LHC and others often dwell on analyses that give exactly zero amount of useful information



Personal Remarks

@ High-energy physics is receiving some bad press these
days, in part deservedly

@ Supersymmetry/extra dimensions/black holes as
motivations for future colliders may easily backfire and
make easy targets for ridicule

@ It is not obvious that in 715 years particle physics will
still be a dynamic research domain and will continue
stirring public imagination

@ A realistic and physicswise interesting program is crucial
for the exploration of fundamental physics fo continue in
the long run



Final Words

@ In the coming years, precision measurements will play a
central role in exploring fundamental physics

@ EFT is the universal language for precision measurements

@ ILC and LHC-HL are especially useful for probing Higgs,
diboson, and top quark processes, as the corresponding
EFT operators are difficult to access otherwise

@ These experiments will allow one to indirectly study
physics well beyond the scale actually directly probed at
colliders

@ Especially in hadron colliders, better interactions with
theorists may be helpful to avoid wasting resources for
analyses which are of little use
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To correctly take into account effects of dimension-6 operator, it is convenient to rewrite
SM EFT in terms of mass eigenstates after electroweak symmetry breaking. Moreover, it is
convenient to work with Lagrangian that is canonically normalized, Kkinetic terms are 2-
derivative, and SM relations between gauge couplings and input observables are preserved

Example (always arise for composite Higgs) This operator modifies Higgs

CHI[] (HTH)D(HTH) boson kinetic term. To retrieve

-3 A2 canonical normalization we
need to rescale:

o cyn0,(HTH)O,(HTH)
A2

cgn0u(v + h)20,(v + h)?
4A?

———0,h0,h +. ..

Note that everything that is order 1/A"4 has to be consistently ignored in my calculation,
otherwise I need to also fake into account dimension-8 operator



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
On 5oz [0u(HTH)] )
2 Contino et al 1303.3876
Or o (D)
Os — % (H'TH)?
~ 2 ~
0, 9% HiHGe,Ge, Oy - HUH GG,
miy, N /v;/ B
12
O’y gTHTHBuVBMV O’Y rgL_QWHTHBMVB.W/
; ﬁ Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis, except
Ow Qmw (H o' H) D WZV that the operators [Of¢]11, [O%,]11 are absent by definition. We define o, = i[7,,¥,]/2. In this table, e, u,d
Op 2 ( ot F H) N are always right-handed fermions, while ¢ and ¢ are left-handed. For complex operators the complex conjugate
~ i i i operator is implicit.
OHW z (D HTO' D H) Wz OHW m%V (DMHTo'lDyH) WMV
Oug L9 (DMHTDVH) B, Onsp % (DNHT DVH> By Vertex Yukawa and Dipole
w
02W mlf/v DNWZLVDPW;V [OHé]ij L Ef)/ug H ﬁH [Oe]ij —'Qr”:;imejHTHgiHBj
O25 = 0uBuy 0 By Ol | welic*yul; HI* Dy H [Oulij VI g Hu,
Oa2c —-D,G%,D,GY, ; (Oneli fxee; H D H [Odli; VIR T g Hd,
v . . 0 g_ijkNi Wk i S 2me me, —
Osw g, eIrWL Wi WE, Oaw W Wi Wou [Onqli; GG H D, H Ocwlyy | 24 Y fiok Ho, e Wi
mW ~ myy v v
9] 95 acha Gt Ge Q= ;e me -
Osc gs facha GgPGﬁCw 3G f vppp (O ] v? q. 7 fy"%H 7 ﬁH [OcBlij T’f%v " liHoue;B,,
[Omulij v%ﬂﬂuujHTEiH Oucliy | 252" o F oy, G
Table 99: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis [614], except that [ 0 ] g A H TﬁH uGlij miy, v 4t Opv %
the operators [Ogs]1221, [Oe]1122, [Ouu)3333 are absent by definition. In this table, e, u, d are always right-handed Hdlij ”Az T R H [OuW]ij -9 —WL (jiakfjfawjuj W/]f,/
fermions, while ¢ and ¢ are left-handed. A flavour index is implicit for each fermion field. For complex operators [O Hud]i j v%ﬂm/“ d j H'D #H mW, W s
the complex conjugate operator is implicit. [OuBlij "gTW r———qHouu;B,,
- o - - Oacly | 4 G Ho Tod; G
— - [Oawlis | o= ——=—"@0" Hopd; Wi,
Ou %2( Yul) (Uyul) Oce Uig(e’yue)(é’yue) Oce v%( Yul) (EVpe) g /Zma;ma;
L L ) L [Oaslij | 7 ———GHoud;iBu,
Oyq U_z( Yu2)(GVuq) Ouu F( V) () Opy UT( Yul) Uy )
Ohy | #(@u0'9)(@vuo'e)  Oud 5 (dy,d) (dy,d) Oud - (17,0) (dryud)
Otq %2(27# )(@Vuq) Oeu Ulz(éWue)(77ﬂu) Oeq %(Wﬂ@(“%ﬂ@
Ol | 2o 0)(@uo'e)  Oca | gz(eyvue)(dyud) Ogu | 22(q1u9) (@,u)
Oquqd (@ u)eji(q"d) Oua | o(@yuu)(dyud) O | 22(@yuTq) (U, T ) >
Ol | @TWei(@Tod) Oy | L@y Tou)(dy %) O | 5(@7.0)(dyud) Full set has 2499 distinct o pera’ro rs,
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