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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 i1dea about the scale A of new physics

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, RTEC)

@ 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)



SMEFT

Basic assumptions

@ 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

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

1 - 1 _
sM EFT = Lom + —L7=° + —LP=0 ¢
Ar A%
T Subleading
- T~ wrt D=5/6
Generated by integrating out if AL/A
lepton number or B-L violating high enough
heavy particles with mass scale A, Generated by integrating out
responsible for neutrino masses heavy particles with mass scale A
. 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

Bosonic CP-even Bosonic CP-odd
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.| 1 Grzgdkowski et al.
Oup | |HID,H[? w Warsaw basis a
p e 1008.4884
a (a a (a
Ona H'H G,G4, 0,5 H'H G%,G4,
; ; X7 ; Yukawa
Opw | H'HW! W} O, | HHHW! W!
; oYY HW ; N'uy HY [OZH]U HYHe$SHTE,
. . . —, -'- .'. c .i.
Onwp | H'o'HW/!, B, Oyivp | H'o"HW!, B, (Odulrs | HIHA;Hig,
Ow | €9*Wi, Wi, Wk, Ow | €9*WL,Wi,Wk, Vertex Dipole
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abcya b e _ abcya b e [Oolrs ilro Ly HY D H Oiwlis | efouH a U W,
Oc JG GGy Og JG GGy 3) 7 i g i ; . ; '
[OHE]]J zﬁja GNEJH g NH [OeB]]J 61-0'/“/]{ fJBIW
Table 2.2: Bosonic D=6 operators in the Warsaw basis. Onelis | ic5oueHI DL H 0851y | w§oTeHq; G,
ol @16,q; HI Dy H o <o Hioiq Wi
(RR)(RR) (LL)(RR) [ g?]f 7| toud Mﬁ [ ZW]U Wi H1o"as W
Oce | m(e‘0,°)(e°0,°) Ow | (l,0)(c°0,e") Oliglrs | iwio'ougsH o' Dy H Ouplis | ujouwH g5 Buy
Ouu | n(uo,u¢)(uo,uc) O, (5,0)(uo,uc) [Onulrs iu?aua,C]HTEzH [Ojig]IJ d?U/WTaHTQJ GZV
Ouad U(dCUuJC) (dCUHJC) Ora (gﬁuf)(dcffﬂ _C) [OHd][J id?ON(Z(C]HTB;H [OEW]]J d?O'lu,/HTO'qu W/iy
Ocu (€C0uéc)(uc%ffc) Ocq (e°0,€°)(q0,.q) Onudlis | iuSo,dSHID,H [OIlB] 1 | dSouHTqs By,
Oeq (e‘o,e%)(d°o,de) Ogu (G ,.q)(u¢o,uc)
Ou o a1 (d¢ (Zc O/u g5 T% co T . . . . .
/d C(u UZUC)( CU” a)_c ! (qauﬁ Q)(uc% . “) Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
Oua | (w'on Tu) (o T ") O (G0ua) (d*oud )7 denoted by I, J. For complex operators (Og,q and all Yukawa and dipole operators)
Oga | (@0, T°q)(d°0, T"d") the corresponding complex conjugate operator is implicitly included.
(LL)(LL) (LR)(LR)
Ouw 77({75#5)(575“@ Oqugd (chj)ejk(dch)
Ou | n(d0,0)(@0) Ot | (0770l dT"") Full set has 2499 distinct operators,
qu n(q&ugiq)(q5uglq) Oéequ (ecéj)ejk(uch) 0 . .
on | (0600 O | ot yentuomeh including flavor structure and CP conjugates
O | (l,0'0)(q0u0"q) Oredq (€e°)(d“q)

Table 2.4:

Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor n is equal to 1/2 when all flavor
indices are equal (e.g. in [Ogc)1111), and n = 1 otherwise. For each complex operator
the complex conjugate should be included.

Enough for everyone :)

Alonso et al 1312.2014, Henning et al 1512.03433


http://arxiv.org/abs/1303.3876

P0551b1e |
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Project #1: Higgs EFT Fit
Why now

@ Flurry of fitting activity peaking in 2012, later exponentially
decaying

® Most recent comprehensive Higgs EFT fit from Shtter survivors
in arXiv:1604.03105

@ Since then, new 13 TeV data, and more to come any time now
@ More and more differential distributions become available

@ Also, quite a lot of theoretical improvements (NLO corrections,
new clever observables, automatized EFT tools, ...)



Project #1: Higgs EFT Fit

Specifications

@ SMEFT framework with dimension-6 operators.

@ Should use experimental input not only from rates but also
from differential distributions

@ Combine Higgs and diboson data (WW, WZ, Wy)

@ Produce public likelihood function for a large set dimension-6
Wilson coefficients including all correlations

@ Offer regular updates, web page, and interface to other HEP
tools



Butter et al

Project #1: Higgs Fit 1604.03105

Sample output

o

@ LHC-Higgs, 95% CL
@ LHC-Higgs + LHC-TGV + LEP-TGV, 95% CL

Ll L
-60 -40 -20 O 20

_ Swww -
o = (3.0+£8.4) TeV? Az = (055 & 1.4) Tev™
1.00  —0.012 —0.062
—0.012  1.00  —0.0012
—0.062 —0.0012  1.00




PPOject #2

, fComprehens1ve EFTJ'

descrlptlon of

'.P.Drell -Yan . 1epton'_

”*J?Productlon at LHC~“



Project #3: Drell-Yan EFT

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




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 ¢ = 10%

- T7TTeV g, ~4n

=
s 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




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




Project #3: Drell-Yan EFT

Motivations

@ Currently only theorist level recasts available, assuming one 4-
fermion operator present at a time - not sufficient for many
applications

@ Sensitivity offen better than for low-energy precision
measurements

@ Unique access to heavy quark (b and c) 4-fermion operators
(possible consequences for models addressing B-meson
anomalies)



Project #3: Drell-Yan EFT
Specifications

SMEFT framework with dimension-6 operators

Experimental input from differential cross-sections (triple mll,
yZ, pTZ, differential distributions available in ee and uu

channels)

In ¢ and ev/uv final states no differential cross section
measurements currently available so recast is necessary

Combine charged- and neutral current information to better
break degeneracy between operators

Produce public likelihood function for a large set dimension-6
Wilson coefficients including all correlations

Marginalized over experimental and theoretical systematics
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‘ Automated |

%,'EFT UV matching
w 1 W1th Functlonal ‘."
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Project #3: Automated EFT-UV matching

energy

mSOBSM

mSOSM
!

Slide from Z. Zhang

Luv|pBSM, PSM)

@ match (UV €2 EFT dictionary)

LerT|psm| = Lsm + Z ci O; (pb ~ My, )

@ run (resum large logs)

LerT|psm] = Lsm + Z c; O; (1 ~ Eeoxp)

N

observables (cross sections, etc.)




Project #3: Automated EFT-UV matching

Motivations

@ To translate EFT bounds as constraints on BSM, one needs to
know matching between the two

@ Ideally, one writes BSM model in some public format, and from
that input EFT Wilson coefficients are automatically calculated

@ Ongoing efforts in MatchMaker project using standard
Feynman diagrams approach (Anastasiou et al)

@ Recently powerful EFT-UV matching techniques have been
developed: Gaillard-Cheyette, Henning et al. 1604.01019, ... ,
Zhang 1610.00710, ... , Ellis et al 1706.07765



Project #3: Automated EFT-UV matching

Luv = Lsm + (P + h.c.) + ®T(P? — M? —

(l"l-oop[OJ B {fl r le/u + f C:fu iJ + f;J('f]

/

+ [P (PG i) + 168G ii) (G i) (Cops) + f7 [Py Ul + f5(UiiUitUki)
+ £ (U; ("‘.,JA(',,./M)
+f1(’)“((/uUJk('u( ) + 13 Usi[Pa, Usk] [Pys U]
+ f1h o [Py [P0, Uil [Pus [P, Usil) + £33 4 (P [Po, Ul [Py, [P, Usil]
+ fiy.c [P [P, Ul [Py, [Py, Usil]
+ 15U (’Jk(';wu(',wu + iy [Py, Uij] [Py, (Jh]('u,l ki
+ (FIZ8U: 1P, Ushl = Fi351Pu UislUsa) [Pos Gl

+ ™ (U UikUUinUnms) + F22UUsk [Py, Ud) [P, Us) + F32 Ui [P, Uil Ua [P, Uii]

jklmn T T T
+ f4 UiiUitUtUitmUmnUni .
fio (Ui UikUntUtmUmnnUni) Borrowed from T, You slides

General expressions for one-loop effective Lagrangian
in terms of UV Lagrangian and master integrals
already exist in literature

Ellis et a
1706.07765

Drozd et a
1512.03003

* ddq q.“‘l oo q“?'"c
(2m)4 (q* — M7)"i (¢?

ijk
fd = 2(I[q i + ZlPi)

—I—21[q4]42 + 2I[q4]_‘;’jl)
11 = 81[(14]33
=4 Z[¢"1¥ + Z[¢")7?)

~ijklm _ 11111
J16 Iz_)klm

At = 2( Tl
+Zl¢® llﬁlf + I[QQ]II}EIQ)
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ijklmn o 1111111
19 ijklmn

— ]\.132)71»j e

ij...0

(¢%)e
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UsjUjk[P*, U] [Py, U]

Uij[P*, Uj)Ura [Py, Ui
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y Ne MM 1
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Project #3: Drell-Yan EFT
Specifications

@ Public code taking any UV Lagrangian as input (e.g. in
Feynrules format) and returning dimension-6 Wilson
coefficients in analytic and numerical form in one or several
popular bases



PPOject #4
CP v1olat1ng

a6



Project #4: CPV TGV

Motivations

@ Some experimental studies in LEP-2. For LHC, pre-2010 analysis
by Kumar et al 0801.2891. Recent ILC study by Rahaman and
Singh 1711.04551. Certainly, topic not exhausted yet

@ In SMEFT framework, interesting fo study LHC sensitivity to
CP-violating dimension-6 operators affecting WWZ and WWy

couplings as they also relate to some CP-violating Higgs
couplings

@ Recent progress on CP-conserving ones (circumventing non-
interference theorems) may give useful lessons for this project
as well



