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Precision measurements: a dance in S steps

1. Precision measurements of neutral currents:
First indirect evidence for the W-Z2 bosons

&. UA1-UAR discovered the W-Z bosons
3. LEP established the SM gauge sector

1. Precision measurements of W-Z (LEP):

First indirect evidence for the top quark and the Higgs
2. Tevatron discovered the top quark

LHC discovered a Higgs boson
3. Future Collider would establish the Higgs sector

a )
1. Precision measurements at Future Collider:

. First indirect evidence for XXX )

2. XXX will discover XXX
3. XXX will establish XXX
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How precision measurements could answer some questions ?

New Physics UV models

Match with the SM EFT,
with a universal formalism that is easy to use! |

— — E—

Physical Observables

P



Looking for Higher dimensional operators

The Fermi Theory : " H " H
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Loop Induced Higher Dimensional Operators

g/

g/

Dim-6 Operators:

Oga = 9 |H|*G, G* #

(41)2

Wilson coefficients:

Ogg = g°|H|*By B

All decoupled new physics is a non zero Wilson coefficient!



Renormalizability -> no irfiniti an make preo{lctlonl

+In QF'T, one can compute finite physical observables knowing the: Lagrangian +renormalization scheme

(regulates integrals
& subtracts the infinities)

+ Infinities appear because of loops in QFT and short distance contributions involve divergent integrals
But short distance way beyond those which are actually probe in experiments
And it’s contrary to what we know in physics: physical theories have some limited region of validity!

+Renormalizability: guarantees a theory to make predictions on *ALL* scales (even arbitrarily short)
-> « Arrogant & pointless » since no experiments for arbitrarily short scale!
EFT can be seen as a phenomenological QFT

+ The Higher the dimension of an operator, the smaller its contribution to the low energy observables
—> obtaining results to a given accuracy requires a finite number of terms

+ Infinite tower of operators is truncated and a finite number of parameters is needed for making
predictions, same situation as in a renormalizable theory (matter of precision)

—> non-renormalizable theories are as good as renormalizable theories

full theory: renormalizable

+BEFT different from the full theory EFT- non renormalizable

— different divergence structure

+The EFT is build to correctly reproduce the low-energy effects of the full theory to a given order
Careful to the choice of renormalization scheme to give a sensible meaning to the EFT



Renormalization scheme of a non-renormalizable theory

( 1 )
A 3i-rlg_o§ ! 5 momentum space cutoff
mw i.e mass dependent
1 1 1 1 scheme
A di_n?%p ! 1 d*k — k2 7 | 4 O(1) EFT expansion breaks
mw k i % down!
Odims ! P°Odim-s " add!*?

Loop with an insertion of dim-8 op. as important as dim-6 op.
—> all the higher order terms in the EFT are equally important!? — Predictivity is lost!?

_higher dimension op. are suppressed!

L ,
g 2€ 1 m : -
A (11_-1005 ! H / d¥ ek — | <_> In & dimensional
- myy 2 k2 My m regularization and
Vmemy 5 1 N Minimal Subtraction
A 1_—Ioop | o d4—! k — k2 ! - In E i.e mass independent
dim-8 m W4 k2 My m scheme

A mass independent scheme preserves the original momentum expansion: contributions from

W




Decoupling of Heavy Particles

Contribution of a charged fermion to the | -function in QED: ! !

2 1 2 _ .2
. € 5 1 7 m* — p*x(1l — z)
I — Dy — — — = = dr (1 —z) lo
27T2 (p[l»pl/ p gHU) [66 6 ‘/(‘) ( ) g 47!‘/12
Mass-Dependent B ()= i ! dz 2(1 — ) M?z(1 — z)
Scheme(0-S momentum €)= 9.2 m2 + M2z(1 — z)
subtraction)
m<<M
3 1
(subtract the value 08 B (e) =~ (’—2 / dr z(1 —z) =
of the graph at i, 21% Jo
p2 — —M 2) , :
- /
/
/
0 )
= 7
M<<m (fermion decouple) - e
3 1 2 3 - - ”
3(e) =~ )(Tz / dr (1 — x) M 1’("12 2) = b(‘)r |/ - - g
Y~ fermion contribution does not vanish when m>>[:
Mass-Independent Scheme : |_, formion does not decouple!+ perturbation theory breaks down (large 10gs)
(MSbar Scheme)

Solution: integrate out heavy particle! 7



Decoupling of Heavy Particles and matching

Energy scale [l

| . _ | light 4 heavy EFT with heavy state
e L (ex : UV model?)

|

no Heavy state T

Heavy state M1

light EFT without heavy state
| . =1

L ;
ex: SM EFT :

effects of heavy particle in the low energy SM + Highep Dimension Opera,tors
theory are included via HDO,

suppressed by 1/m



SM Effective Field Theory

Facts:
+ no direct observations of BSM resonances so far

Consequence :

+ need model independent framework

Solution :
+systematic approach to decoupled new physics :
! 1 Operators
Lerpr = Lsm + —72%0i  SUE)! SU@R)L! UQ@)y
i invariant

cutoff scale  Wilson coefficient

— start by keeping only dim-6 operators
(future sensitivity)



Dim-6 Operators

- First classified systematically by Buchmuller and Wyler
(Nucl. Phys. B 268 (1986) 621)

+ 59 dim-6 CP-even operators in a non-redundant basis, assuming
Minimal Flavor Violation (Gradkowski et al. arXiv:1008.4884)

- Most sensitive probes of Higgs physics involve only bosonic
operators:

Grojean et al. arXiv: 1312.2928

Occ = 92 |H|2 G, G On = %(“)u H|2 )2
Oww = g¢*|H? We,Wem Or = L(H'D,H)?
Osz g2 |H|* B,,, B* Or |H|* |D, H|’
Owp 299’ Hit* HW?, B Op |D2H|?
Ow ig(H't*D*H)D*W¢, Os |H|®
Op ig' Y (HD*H)8" B, | O ~1(D*Ge,)’
Os3c 319s JO° GG GP Oaw ~1(D*we,)’
Osw g W I W W 2P Osp ~1(8*B,)”
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Modifications of Electro-Weak Precision Tests

B. Henning, X. Lu and H. Murayama arXiv:1412.1837

EWPO Parameters TGC Parameters
’ s2, m> ‘ 4 m?2
S = ZEZ#F(dewptew ) 091 = —Zfcw
_ 1207 _ 4m}
T = a&a ) 0ky = Fewp
451 m? m?
U = ZFxfow Ay = — R Cw
2
m . o
W = Z¥cew Oblique correction
2 2
m 2
Y = e 0Zn = J7CH
Higgs Widths Deviations
292 2m? .
¥ _ _(n)? 16 \ |LHC & future colliders:
h—gg ReApM  AZ
_ (47")2 Rv?
keh—yw ~ ReASM A? (cww + ¢BB — cwB)
2m? 6(m; —2ms3,,) s2, 4m?
EhmsWww= = —CZRFCW — — 33— CWW — oz 3 CWB
2 2 2 2 5 2
_ ¢z \8my _Szm _ 2v _ 2z, _
+(l 2¢c2z A? CW C2Zz XéCB TI(CH C2z CT CR)
= ——212'"2 (c%cow + s%CoB) — 6(7"?'_2'"22)(046 + s%cBB + €% 5% CcwB)
€hszze = TR zC2w zC2B A2 ZCWwW Z¢BB z5zCWB
4m? 2 202
+5#Z (cGew + syeB) — <5 (cu + 2¢er — ¢R)




Program: Matching-Running-Mapping

Energy scale [/

My

______ Covariant | UV model
Derivative |
£ Expansion A) :
> Ci
...... Uvmatchingl(\l
to do for each model : ﬁeff — LSM ‘|‘Z | d _4C7L(I )Oz
_____________ SM EFT
EFT without heavy state
RG running
done once for all
| m' Electro-Weak
Gi (Mw ) " Precision tests

......................................................... 737 apping

done once for all () (O . 1%) l O (1%)
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Effective Action

e [Psml(pe) = D ®peavye

5S[¢S|\/| 9 (I)]

Eq. of Motion : —

0P

Taylorexp.: S[! |= S[! .+ n] =

elS eff[! SM] — eIS[ ] det

|

tree level

IS [! sm ! heawy J(H)

0! (Psm )

16°S

S+ 355

TP _1/2

- |28 _
In _. I|2( )

1-loop level

(1 n® + O(n°)
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Tree Level

Luv = Lsw + ! F(lgu)+hec. +!1 1 D2l mZ! U(lgy) ! +O(! 3
Eq. of Motion: [D*+ m3|®. = F+ O(d.7)
1 1
= = —1 a2
D2+ mi + U 2 14 1.(D2+ 1)
: mcb
— 1 2 2 2 1
= —F! —(D + U)—F+ —(D + U) 2(D + U)—F+
m<1> m<1> Mg mcb Mg Mg

! Ltree_ L[ ]

14



One-loop Effective Action

1- Z 65 ; B 5
Seﬁoop — §Tr In ST 2 1. = §Tr In D% +m% + U
1-loop ) dslgoop /) ) 1 T
i - . i
Seg = dmg am? > dmg Tr D24 w2+ U
1 1 1 5 1 , ,
D2+ mgb+ U m—ng — m—gb(D + U)m—ng + m—gb(D + U) (D + U)—F +

15



Partial Derivative Expansion

1-loop — 3 2 _ 1
e 2/dm" otz v
1 1

D2+ m2+ U (92+ m2)! igAd,! igd.Al g2AZ+ U

1 1 1
— | gAD, + 100, A+ g?A° — U -
0% + m3, 82+mgb(zg p YO AT g )82+m?p

Gauge invariance « broken » !

16



Covariant Derivative Expansion

We want to keep gauge invariance manifestthrough the computation

Shift q by the covariant derivative D :

| , 4 d*g 1
Se = = [ dmZd*x ——r ———— .
> 21 (G )2+ m2 10

: ( A
. n+1 ! | N
Gyl » [P [P, Gyl
v 17 n? I U
+ | I 03
— (N 2)'\ S e O
contain dim-6 operators!
independent of momentum q!
l Integration on g can be done once for all!!!
!! 1 s ) | n M.K. Gaillard, Nucl. Phys. B 268 669 (1986)
- . O. Cheyette, Nucl. Phys. B 297 183 (1988)
U I _[I:)I 17 [[PI n1 U]]] B. Heniing, X. Lu, H.BlfvlurayamaarXiv:l412.183'?
n! g ,...q
n=0 \_ J -1 L
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One-Loop Effective Action

aSSUl

ming degenerate mass matrix

B. Henning, X. Lu and H. Murayama arXiv:1412.1837

Cs .
ALett00p = (733 tr{ Litoop =! ! D*! m?! U !
1 m? 3\
4 — — P —
+m 2(log 2 2)-
: . :
¢ m
+m?| — (logF—l)U
+m0-—i(lo ﬁ—I)G"Q—llo m—2U2
12 872 w5082
1 - 1 /)2 | 1 o 1. .3 1 ' A
5|l — 55 (PuGin)” = 55 GiuGuoGop — 75 (PuU)* = £ U= UGGy
11, 1 2 1 o 2 1/ o
+ | 5g U+ 5 U(BD) + o (PPU) + o (U GL,,G:W)
' 1 dim-6
- m [(PIJU)’ (P,,U)]G:w - % [U[Ua G;w]] G:w
Operators
1 1 5 1 2 2 1 2
tos| “e0l U BU) — 35 (URD)
1[1 4
+ oo U°] } (2.5
- 18



http://arxiv.org/abs/arXiv:1412.1837

Non degenerate mass matrix

1 0 O M, O 0

] 0 ] 0

m!2=m2-#0 Oéof' !M!ZZ# 0 Océ
O 0 1 0 0O M,

Does not commute
anymore with U and G!

# d & o O # \
datr 1 (U1 (@G (q) e e, G2 gl ()= 1 2(g)
oq oq
cyclicity of the trace is transparent
ner . ) I $ % . ' ( - '
TR dg Li@Ui g @GR i@ = Ui GE dal (@) It (@) (o)
" Pe-ordlléjring operators change of indices

i.e. change of ixwﬁ{—/
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Universal One-Loop Effective Action

for non degenerate mass matrix
A. Drozd, J. Ellis, J@ and T. You arXiv:15xx.Xxxxx

Litoop = ! ! D?! m?! U !

ff,
£(13 lOOp ZCs{fl + fQUzz + fZJG:?V ZJ fz]UQ

+ f;j(PI-LG;w,ij)z + ( v, z])(Gua Jk:)(G:fu,ki) + f’;(PuUzJ)z + zyk( kUkz')
+ fZJ(U' 'G, u]kG;u/ kz)
+ 115" UiUikUnUs) + 13 Uss[Pu, U] [Py, Uil

+ f12 o (PulPy,Uij]) (PulPy, Ujs)) + 3 » (PulPu, Uijl) (Po[Py, Uji))
12 c (PulPu, Usj]) (P[P, U]Z ) dim-6 |
fka kau,leuu ;i T f P/M Uiil | Py, jk] G:/u,kz' Operators

) k z 13
+ (f15aUiilPus Ui ] — f13 1P Ui U k) [Po, Gy il
+ Fie(UsjUikUnUimUnmi) + FE* U Uk [Py, Ul [P, Uil + £ Ui [Pa, Uik Uk [Pos Usi]

+ fwklm”’(Uz'jUijklUlmUanni)}’ (31)
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Universal coefficients
d*q

I[q**]35 P = dEQ®™ (Agi)" (Ag ;)™ -+ (Ag )P

fi
1
1
fa
)
3
7]
4
1)
5
1
6
)
7
ijk
8
(7]
9
ijkl
10
ijk
11
i
12,a
1
12,b
ij
12,c

ft]k

ijk
14

(2m)*
I%m2

P J. Ellis, JQ and T. You
2 ( 130 1| 2 40) work in preparation
+1lq

21, 2
1.1. ms
1

9 (—1[a®)% + 2175 — 281[q"]9Y — 21[q°]{} + 421[q%)7F — 141}9) m? + (41[q"]7S — 61[¢°)73 + 2175) m3

m;
(21[q4 o7 — 31[®)77 + 11%) m¥ + 3 (21[q")75 — 31[q*)9F + IT5) m?

(132 I[q? 23) 2

211,52

%((131 1[g2 41) + (- I[q2 14 I[q2 23 _ y[q? 32+Il3+122) ;)

21
IJ

(?}i a®fi5%) mi + (155 — 1a’lize) mj + (—1a’lijk — Wa’li7k — a’lijk + L7k + 1) mi

(2I[q“ 25 31[q?J24 + 1[q?)3 + 1?2 + 123 — 132) m?

11
klm

12,a
1
3 ( 3I[q2 24 + 123 + 2I[q4 25 21[(12 33 21[q2 42 + 2132)
1 . .
3 (@3 = T?IE3h) m? + (~Mali ) — a2k — Mo+ Tk + 123) m

2 2112 21132 212 21222 21312 22 212 2
+ (~1aik - a2 - Uali3R - a2} - a3 - X332 + L + LR + 23D md)

(U3 + 21?4 + P2 — 2030 m3
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Application: matching SM-EFT vs UV mode]‘
US\( fis =

Let’s match dim6-EFT and the MSSM :

g2 |H|? G, Gamv )

|H| Weae W anv

v
ql2 |H| B‘ ,,B‘”
299’ HIt*HW ¢, B

v

zJ(Hft D# H)D' | i
1g YH(][fD“[])()' B,
%gsf“ch(;)" G:;:/G;/p

1 abeyyrap b yyse
3 geabewanpybryyce

1 (0uHI?)®
L(H'D,H)®
|H|* |D,HI"
[D2H|*
|H|°
——(D“C“

2
)
~1(Drwe )’
2

o

b

MV

—3(9"Bu)

V

Oy =0+ Oww — Ows
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matching with Feynman Diagrams

( )
Calculate observable in EFT : iV (p2,p3) = —4igsV/2 ’vm— (p2p3g™” — pspk)
W
h 2
AEglgT = —16g; \/_U (52 §3Mh —2(&-p1)(&3 Pl))
k miy _J
_— 9 /= Oy
Vi (P2,p3) = —4ie” V20— (papag"’ — pph)
%%
h 2
AEgp‘(ZT = —16g; \/_’Um (52 §3Mh —2(&-p1) (&3 pl))
%%
Calculate observable in MSSM :
~ 2 t Ny = =57 [veaagt (2caw + 1) + 3 (304 + 2 (mf — m) caw + 2my + m
4’6660\@ ! ( éMSSM)iE _ My, N g \ f,;},,,z[(,,z,,_,., , ( ) ‘\,’E) .' ( ) )
h / l g 6(47T)2 Dg D ':"f‘*'h [r"u’-.-.mfl'?"-’" +1)43 (:h'zh;’ +4 (m'f” mz-?) ow 4 Imé + ’2m';’~):
- > _( q * Exact Wilson coef. +36 (o7 +2m) (v%hf +2m ) — T2PHEXE,
| . . . . : :
A m@ Y (MSSMYb _ myy, 289 f {6 [(mlzm - mé?) Caw + mﬁ? T 27”51{] — vieapgi (Cow + 2)}
! 6(4m)? (12m.5R — v'zcggg'f) [vzczgg'f (cow + 2) — 24szH ]

8 3 QM T
~MSSM ~MSSM ¢ ~MSSM\ b
ISSM = 2 (GMSSM)F 1 2 (MSSM)
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matching with the One-Loop Effective Action

(h? + 292cB)HH +—gzsﬂHH

(97Y5c28 + 595) | H|? htthI
htXtH (h2 %Y" C2B)|H|2

(N L

U —

L= {f L+ U+ F Gl + £7U

+ 15 (PuGlii)® + 1§ (G i) Guo i) Gopi) + F(Puli)? + 57 (UssUjeUii)
+fZJ(U G,uyka,ukz)J

szcL 1k
UijUjkUUs) + Uij|Pu, Ujk| [Py, Uki .
( A ) I U[ =3 ][ i‘; ] - mfv 1 h?_ - (1',-912(32;3 h? + %912(’2;3 h~z2X12
fl2a(P [PuaUtJ])(P [Pu,Uji])+f12b(Pu[PmUij])(Pu[Piji]) Cg = (471.)2@ .2 + 2 2 an2

’ m m MU= TN
12 ,C (P [Pll’ Ul.}]) (PV[PU’ U]l])

Q tr Q tr
G‘ f;?ikUl] UJkG#V,leuul f [Pﬂ’ Ulj] [PV’ U.lk] Gup ki
14
+ (f15.Uii[Pa Uj k] — gb[PI“UlJ]UJk)[PVa Guukz]
+ FieUiiUitUiaUimUmi) + F2R UG Uik [Py U] [Py Uil + FER Uy, Uikl Ui [Py, Usi]

+ fikmn . kUklUlmUanm’)} ; (3.1)
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Application: matching SM-EFT vs UV mode]‘f
suUSY f\(S

Let’s match dim6-EFT and the MSSM :

< - -
O; (Occ = @IHPGLG™) | On = 10, [H])

: + . M - -
L LSM Cll 2 Oww = g |H|"Wg,Waor Or = }(H'D.H)"

i ' Ops = ¢?|H|" Bu.B" Or = |H|'|D,HI
T Owp = 299HUWHW?,B"™ Op = |DH|

Ow = ig(Ht*D*H)D*W? 0s = |H®

v
Op = ig'Yy ([{T 5” I{)(?VB;IV O = -4 (D#sz)z

A 2

' = ' Osc = HgfPGCHCHWGCP | O = -3(D'W)°

= iy b [(1+ l‘—zv,,‘,u) - ;:_‘,] cws = — by & [(1+ ;_m) - ‘5,&] 31! - b g :: c, f Wz
2 2. ,2 . — aoc ajp v/ cp _ 1 p

cww = i [(1-45) - 1] | o= b Osw RIELWWEWee /| Ozp G

con = e i |(1+ % %57%) - B8] | o= i

T 1 " v 2 : 2 2
7= T a5 _ h} 3 1 9% czs 19 ) _1X{ (14 L 87F28)eqs r x¢ p— | ‘/‘/ ‘/‘/ ‘/‘/
e ¢n = gors |\113 Al T iE TR emi \1 T 13 hl + 56 md 7Y BB B
: 2025 : 1

o

_\'l (2+. 2y Xe
+ X [1+; 9 : Jeaa ] _}l
\ : i ¢ e

A. Drozd, J. Ellis, JQ and T. You
arXiv:1504.02409
Wilson coef. for non-degenerate stops

B. Henning, X. Lu and H. Murayama
arXiv:1412.1837

Wilson coef. for degenerate stops 25



Indirect Constraints on Stqgﬁn\

A. Drozd, J. Ellis, J@ and T. You arXiv:1504.02409

Coeff. | Experimental constraints | 95 % CL limit (l(;(g. 1”6"
;=
2 LHC marginalized —4.5,2.2] x 107° | ~ 410 GeV
b individual —3.0,2.5] x 107 | ~ 390 GeV
- LHC marginalized —6.5,2.7) x 1074 | ~ 215 GeV
g individual (—4.0,2.3] x 107% | ~ 230 GeV
_ marginalized (—10,10] x 10~* | ~ 290 GeV
Cr LEP . . o o - p
individual [—5,5] x 10 ~ 380 GeV
: marginalized [-7,7] x 10~* | ~ 185 GeV
cw +¢p | LEP individual (—5,5] x 107 | ~ 195 GeV
1000 :
_ry I"#
-
! > $%&'('&)*+ ,-)%&.
O
800} ” o™
= tan=20
& | - , i
> 600R, G ++
O N —T" T / =
IE_. \ /' __N
\ T L THS%
400' \\\ 4
\ \\‘ e e /I
\sg 7 N\ 2
S \ / \ ) %
200F ¥ NS e RN Vi e
-3 -2 \“ '—I1 O 1 ’ 2 3
Xi'm-

1000~

800}

600

400}

0.00006;

0.00004

0.00002

0.00000¢

—0.00002}

—0.00004}

—0.00006

800

!!II# "
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Indirect Constraints on Stopgiders
Fuy

A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409

Coeff. Experimental constraints 95 % CL limit X, = 0( leg. ";i(‘t = my/2
[1,Cl150m marginalized | [—7.7,7.7] X 10"? ~ 675 GeV | ~ 520 GeV

_ 7250GeV individual | [=7.5,7.5] x 107% | ~ 680 GeV | ~ 545 GeV

“9 2OC marginalized | [—3.0,3.0] x 10-° | ~ 1065 GeV | ~ 920 GeV
® | individual | [~3.0,3.0] x 10® | ~ 1065 GeV | ~ 915 GeV

Lo marginalized [—3.4,3.4] x 10:" ~ 200 GeV | ~ flO GeV

_ 50Ge individual | [-3.3,3.3] x 107* | ~ 200 GeV | ~ 35 GeV

& FCC-co marginalized | [—6.4,6.4] x 107> | ~ 385 GeV | ~ 250 GeV

N individual | [—6.3,6.3] x 107° | ~ 390 GeV | ~ 260 GeV

1s0m-! | marginalized | [-3,3] x 10~* ~ 480 GeV | ~ 285 GeV

) ILCos06ev | individual | [-7,7]x 105 | ~930 GeV | ~ 780 GeV
- FCCoce | Marginalized 1—3,3] x 107° | ~ 1410 GeV | ~ 1285 GeV
individual | [<0.9,0.9] x 107° | ~ 2555 GeV | ~ 2460 GeV

nsom-! | marginalized | [—2,2] x 107 | ~ 230 GeV | ~ 170 GeV

_ _ ILCs506ev individual [—6,6] x 10~ ~ 340 GeV | ~ 470 GeV
w + Cp 0 marginalized | [—2,2] x 10°° | ~ 545 GeV | ~ 960 GeV
¢ | individual | [-0.8,0.8] x 1075 | ~ 830 GeV | ~ 1590 GeV

+ Future FCC-ee measurements could
be sensitive to stop masses above a TeV

27
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Conclusion

All decoupled new physics is a non zero Wilson coefficient!

The Effective SM is a natural framework to implement this
phenomenology

The One-Loop Universal Action is a simplified way to
express collider constraints on realistic BSM theories
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Behind Standard Model

1933 : QED-QCD renormalizable gauge invariant theory involving fermions
+4 fermions non renormalizable interaction describes effects of weak interaction (Fermi)

l g Yang-Mills m=0 )
@V divergent -> EFT@—» Ty pachwinger renormalizable (Fradkin & Tuytin) EW interaction of leptons
Yang-Mills m#0 Glashow SU(2)xU(1)

~

g Z cary violation of S
Pb: FCNC excluded by data

. hot renormalizable (Veltman) )

apply to Cabibbo
hadron current?

rSSB->maJssless GroldstoneN

bosons -> WL,ZL

MKy — ptu)

—2.60 x 107
MK+ — pthy,)

Weinberg & Salam

( SSB of the gauge
B-E-H
symmetry by

renormalizable theory

. (Ct Hooft & Veltman)

: L nU#0

sind

. FCNC suppressed

- (i !

L
——— 9 quadratic divergence? \pOP EGIM mechanism A
u (Joffe & Shabalin)

[ 31GeV

| ->predicted: S, ! d.
| ~ m2—m2~m.~ 3GeV

&LHC, LC, FCC)
eftect s
\pOP > predict BSM scale?

-

rPr’ecision measurements of Ir?

(e]0)¢

@recision measurements 01a
W, Z (LEP) : tre€

effeCl > predicted mt

J SLAC/BNL:discovery,1974
- W,

Aeve effect

Precision measurements oﬁ
neutral currents

A

Tevatron: discovery, 1995

XXX: discovery,20XX? y

(e]0)¢

effect ->predicted mH

L LHC: discovery, 2012 )

-> predicted mW,m7Z
LUAl/UAZ ; disooveries,lQSSJ
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Behind Standard Model

vvvvv : S —— 6 - -
200 - - B Theor. .
.. )
> 150 47 I
@ ® Tevatron l
O M SM constraint - N 3 4
. 68% CL - <]
= | |
100 - - o | A
1
1/ Direct search lower limit (95% CL)
0900 1995 2000 2005 o IEXcluded X - :
v 30 100 500
ear LEP EWWG Phys. Rept. 427 (2006
ys. Rept. 427 (2009) m,, [GeV]

f ec\@LHC’ LC, FCO)
\poP €5 predict BSM scale?
. XXX: discovery,20XX?

.. )
(Precnsmn measurements of H

\0OY

rPrecision measurements oﬁ
W, Z (LEP) :

efteCt > predicted mt

\eve! effect l
N

Precision measurements of
neutral currents

tree

Tevatron: discovery, 1995

effect ->predicted mH

\0O\

- LHC: discovery, 2012 y

-> predicted mW,m7Z

kUAl/UAZ : discoveries,1985)
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The 4th July 2012: discovery of a new 125 GeV boson, Higgstory starts!

| P(pp! H)" BR(H! XX )lexp
Ip(pp! H)" BR(H ! XX)l|sm

Mxx =

19.7fb" (8 TeV) + 5.1 fb" (7 TeV)

Data consistent with SM Aaras preiminary |~ Total uncertainty

- — o(3yE n<) . ) =125 GeV
. my, = 125.36 GeV _0(3:“" ) ticonpu (Combmed CMS my
Higgs — Tz i HE w=1.0020.14) b, =096
“'1'17.;;; " Ao i |
H - 2zZ' ) | H— yy tagged
Fit of LHC Higgs data. ___* el b5 w=1.1220.24
agreement at 15%-30% i OSSO H — ZZ tagged
HoM 039 O:O B u=1.00: 0.29
=063 " m i o i |
no M= 144::: ”‘: } '::‘ H - WW tagged
Coupling measurements [-» ¥ E= 10880
already quite precise: oz mE : f H -t tagged
pe277010 : : u=091=0.28
PATEASTEMS 11+ 0.1
| H— bb tagged
—— u=0.84 = 0.44
\$ =7 TeV, 454.7 " -1 0 1 2 3 PP P .
2 VePy Clea,Il Cha,nnels tO \s=8TeV,203M" Signal strength (u) 0 0.5 1 Best1 fg ol 2
recision : - =
doprecision: H! I H! ZZ | 4* SM

ratios would be interesting:
Djouadi, JQ, Vega-Morales arXiv:1509.038913

For the first time, we have a complete theory valid up to high energies

That’s it?
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http://arxiv.org/abs/arXiv:1509.03913

But there is Physics Beyond the SM!

le ExXperimentally:
- neutrino masses
- dark matter
« baryon asymmetry
- inflation
lze Theoretically:
- strong CP problem
« gauge couplings unification

 naturalness issue

+ Precision measurements are needed to trigger

departure from the SM
+ no model that is strongly preferred so far

+ S0 let’s keep an open mind on how to realize -

B85 M
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Generalities on EFT

+ The EFT behaves like a renormalizable theory if one works to some
fixed order in 1/mW

There are only a finite number of terms in Lgrr that

are allowed to a given order 1/mW
Because:

Terms of higher order in 1/mW can be safely neglected
because they can never be multiplied by a positive powers
of mW to produce effects comparable to lower order

+ Mass dependent scheme: infinite number of contribution at leading
order — need resumation

+ Ma.ss independent scheme: convenient since we only keep few
operatorsin Lerr

— One inconvenient to use mass-independent subtraction scheme :
heavy particles do not decouple
(contribution to the beta-function does not depend on particle ma.ss)



Covariant Derivative Expansion

We want to keep gauge invariance manifestthrough the computation

Fourier transform x —Qq:

‘ 1
l-loop — ° 2 — 2 4
e Z/dm o [D2+ m2é + U] /dm dm<$|D2+m + U[ (2! )4|q q'] 2

Sl—loop _ /dm2 d4£l? d4q pld-T 1 —19.T
e! (2| )4 2 + mz + []
d? 1
1-loop _ d d4 q
Se! / s (2! )4 (D+ z’q)z + m2 + U(:B)
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Gaillard & Cheyette’s trick

Shift q by the covariant derivative D :

S L E/de d4CE d4q eil).!q 1 e—iD.!q
9 *7 T (2r)s (D +iq)2 +m2 + U

1
Sel /dm d4 ~ | 5 ~
(G +qu)?+mE 4+ U

| N
Z(n+2)| [P 1’[ [P n1Glp]]]|q1 q

o ! =0 H[P!p[ [P!n’U]]]'OI' =

M.K. Gaillard, Nucl. Phys. B 268 669 (1986)

O. Cheyette, Nucl. Phys. B 297 183 (1988)
37 B. Henning, X. Lu and H. Murayama arXiv:1412.1837

with;



http://arxiv.org/abs/arXiv:1412.1837

Covariant Derivative Expansion

| d* 1
S, = ! — dm?d*x q4 . S
2 (27) (G,,u(‘?” + qp)2 I ' m: ! O
q'm.+G. GU!'M+-qI~lG'U 'l'U
) . ) s TP N>
Expansionin ! : i
1-loop _ ! | 2 4 d4q
Seff = é/qu)d X?vtr\
g-integrals factorize traces give Higher
give usual & simple Feynman Integrals Dimensional Operators

Simple power counting: for dim-6 operators n<7
Gauge invariance permanently manifest

20




Non degenerate mass matrix

1 0 0 "M; O 0
11 OO ' _ 11 O‘
mf=m?a#qg .. o&" M7f=# g | océ
O 0 1 0 O M,

6%S # ‘

50 o) = “Trln D2 +m2 + U

dsl-loop ; 1 T

c—e = dm3Tr
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Non degenerate mass matrix
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matching with the One-Loop Effective Action

{} 292(/ﬂ)HH + —g28ﬂHH

(97Y5c28 + 593) | H|? htXtI?I
htXtH (h2 %Y" 625)|H|2

B =

ff, oq
E(; loop — ch{fl + Ja Ui; + fUG:?,, i fszQ

+ [P (PuGriii)? + 18 (Grais) (Gl i) (Gopki) + Fi(PuUs5)? + f&* (UsiUjk Ui)

. my [ 1 (hi - ggicas) 1 (ki + fgicas) | 1 (A - §gicas)
(U iG! G BB T4x)? | 144 m? Yo me "3 m?
+ f ( pv,jk™ pu, kz) ' Q tr by
zjkL vikyr _ ' 19 RIXE 1 WgXE
(l'j?’-7 ]kUklUll) -+ f UU [P/“ U]k] [Pﬂ’ Ukz] 360 m'é’m;t," 90 mf‘.)m;r' y
g tj . g "
f12 ,a (P [PU’ Ui]]) (P [PU’ UJl]) + f12,b (PN[PV’ Ul]]) (PV[PI“ UJZ]) iy ( 1 (h; g97¢23) 1 hiX; 1 hiX? )
Cww ' 2 > 3 2 S ) % '
(d)* \ 1C me 10 m<sms 10 m<sms
fis c (PulPu, Uijl) (Pu[Py, Ujil) o , “ @™ A
ijk 1) / e — W 1 (2h7 + g3eas) 1 hiXP 1 hiX§
+ f13 UZJUJkG;w,le;w 1i )t f14 [Pua Uzj] [Pm U.lk] Gup ki ‘wa (4)? 18 "'Z} ' 30 ,,,z’,,,'g“ f 1-_;(,,"2),,,2 '
ykyrr zyk m
+ ( 15aUZ,J[PN> Uj,k] 15b J]UJ k)[PV’ Guu kz]

+ FisUisUirUgUpmUnni) + Fi2 UZJU k[P, Ut [Py, Uis) + F2R U [Py, Uik Usa [Py Usi]

z]klm'n( kUklUlmUanni)} , (31)
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McCullough, HEFT 2014

HEFT vs Loop Functions

 Perturbative scenarios, two options:

Expansion in Physically

couplings and 1/A? transparent
@ Measurement

Expansion in Laborious to

couplings calculate
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McCullough, HEFT 2014

HEFT vs Loop Functions

 Perturbative scenarios, two options:

A}
? o
-

« Expect both to match whenever:

\FS,TTLH,... < A
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n uEFT"" MSSM#"

$%%$ #"

VVIH

+ BFT vs full MSSM calculation agrees well (non trivial check!)

EFT vs Loop Calculation

+ Operators > dim-6 become important when EFT cut-off (stop mass) is too low
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Indirect Constraints on Sto\g)s \
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The current sensitivity is already comparable to that of direct LHC searches 45



