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From indirect to direct discoveries

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 our low energy effective model,
| with a universal formalism that is easy to usel

Physical Observables
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Fermi Theory
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Fermi Theory
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local, non renormalizable  int.
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dim-6 dim-8 dim-10

+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 obs.

—> 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



Higgs boson: portal to heavy New Physics?

9/

: h
dim6
LErr D --»>-

g/

Dim-6 Operators: All decoupled new
Oce = q2|HI2G?, Ga-! physics is anon zero #
Os; _ ‘Z‘T’zll [1|T|2 l;u BH Wilson coefficient: (41)?
==} 0 LEP: 8,T,U,...
S\ E bsm+ G LHC & future colliders: Ci

+Why SM-EFT useful”? Model independent constraints! do NOT need
to re-do every analysis for each model...

+ Experimental bounds on ci : any UV model should satisfy them!

+Mandatory step: ci=f(Heavy physics) i.e « matching » procedure



Renormalization scheme of a non-renormalizable theory

Odim—S ~ pQOdim—6 = add ! 2

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!?

~

q
U
( |
1 | 1 1
A irlr? o 5 d*k — | > ! 21 O(1) momentum space cutoff
My = K My i.e mass dependent
. 1 ! 1 1 scheme
AL O~ 7 d4k—2 k2 7! 4 ~ O(1) EFT expansion breaks
mw k t W down!

-
( 2
m
.Al loop d4 € k = ! — 1 1In H dimensional
dim-6
mW mw m regularization and
_. < mw - 4 Minimal Subtraction
Acli_ilg?sp | Iu A d4_€/€ —2k2 | _— In — i.e mass independent
VEAVY; k EAVY; m scheme

A mass independent scheme preserves the original momentum expansion: contributions from
_higher dimension op. are suppressed!
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Decoupling of Heavy Particles

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

2 1 2 2
e 0 1 m* — p“x(1l — x)
I — — — — = = dr (1 —z) lo
Mass-Dependent B ()= i ! iz o(1 — ) M?z(1 — z)
Scheme(0-S momentum €)= 9.2 m2 + M2z(1 — z)
subtraction)
m<<M
3 1
(subtract the value 0.8 B (e) =~ ()—2 / dr z(1 —z) =
of the graph at - 21% Jo
p2 — _M2 ) , ry
S /
/
/
0O y:
- 7
M<<m (fermion decouple) - e
3 pl 2 3 ' - - -
B (e) ~ 2‘? A dr z(1 — 2)M "’("12 2) - 6877. " _ -
Y~ fermion contribution does not vanish when m>> [i:
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 |

- plight heavy EFT with heavy state
bi =B, + i (ex : UV model?)

|

| Heavy state 44) mate hi ng
no Heavy state T
i EFT without heavy state
- _  plight
bi = B
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



Matching procedure

I. Usual Feynman Diagram method:

| 9/ 9/
Occ = g5|H|*GY, G " s 7N
Oan = a'2|HI2 HY - — 3 — — > 6 +
B8 = g |H|"Bu,B .
S~
9/ 9/
G = fi (mq )
II. Path Integral method: integrate out heavy fields from the really beginning
e [psm] (1 / D(I)heavyeis[' st ey (10

LEFT — »CSM —+ E Ad | 4Cz0i directly computed

many advantages: i ]
esson * factorisation independent of the model: / dq f (C]) [Oz]

.\,e(s . - -
un + loop-integrals have to be computed once and for all! (contrary to method 1.)
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Program: Matching-Running-Mapping

Energy scale U
o Covariant I UV model
| Derivative |
| Expansion |
....... I :EUVmatch|ﬁg>CZ(l):\\1
: to do for each model : I—eff = Lom + Z Adi 4Cz(A)Oz
_____________ SM EFT
EFT without heavy state
RG running
done once for all
c (m' ) Electro-Weak
. W ) > o o
A AT T mapping ... Erecision tests

done once for all 0(01%) ' 0(1%)
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Effective Action

eiSeff ¢SM /D(I)heavye M ! heawy (1)
| Q" |
Eq. of Motion : sl lslM" | =0 ="! (" sm)
1 6°S , 3
Taylor exp.: S|®| = S|P, +n| = S|P.] 4 25(1)2( )n°~ + O(n°)
| | ] 12g L —1/2
! ISeit [psm ] = LIS[P] '
e eff e d@t( 1 2( >
| - 128
S. = S[0.]+ Trln ()

2 | §2

tree level 1-loop level
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Tree Level

Luv =Lsm + (! "F(¢sm) +hee) +! T (=D? —=m3 — U(dsm))! +O(! ?)

Eq. of Motion: D?+ m} = F+ O(' .9

1 1
= F = F

2 2
Df+my + U m2 1+ L (D2+ V)]
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One-loop Effective Action

12 ¢

1-loop _ ( i ] B 1 ) ,
S P_éTr In !”—2!0) = ST In [D*+ mg + U]
1|oop — dm? 1|00p dm2 Tr ) 1 7
D2+ mZ+ U
1
D2+ m? + U m—2F B _2(D2+ U)—F + —2(D2+ U)mz (D% + U)—F .

I expansion does not converge!

CRR I




Partial Derivative Expansion

1

i 1
1 Ioop L

Dy =1, —10A
1

D2+m2 +U (024 m?) —igAdy — ig0y A — g2A2 + U

1

0% + mf

1
+ prp— (1gA0y + igO A + g A?

Gauge invariance « broken » !

—U)

1

0% + mf
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Covariant Derivative Expansion

We want to keep gauge invariance manifestthrough the computation

Shift q by the covariant derivative P :

Seft = é

dm% d*x

d*g 1

TL—I—lF )

Gt 2 gl L[PG

n=0

-
I
|

(2')* ~(G,,"v+ )2+ m2+ 0 L

|

\_ J

|

contain dim-6 oper

Lg ...qn

ators!

independent of momentum q!

l Integration on g can be done once for all!!!

M.K. Gaillard, Nucl. Phys. B 268 669 (1986)
O. Cheyette, Nucl. Phys. B 297 183 (1988)

[P Lan o —

n=0

B. Henning, X. Lu, H. Murayama arXiv:1412.1837
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One-Loop Effective Action

aSSUl

ming degenerate mass matrix

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

c

ALeff,1-100p = @ tr {
SRR
+m2;—(log:%2—1)U:
+m —%(logzb—;—l)Gfu—%

7% _6%(P#G:w)2_$ pv
+%-§U4+$U(P#U)2+%
1
~ 225 [(BU), (BU)|G, — 15
+#-—;—0U5—%U2(Pw)2-
+$:ﬁU6]}.

2
logTL,ZU2

7

(PU)* + 5; (UGGl

1
120

1
30

* (URD)?

1 2
G, G:/aG’ap o ﬁ (P#U) -

1

vw,aG,0G,,

| R
6U

L 1-100p =

(! D! m*! U)!

1
& G

(2.54)

dim-6
Operators
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http://arxiv.org/abs/arXiv:1412.1837

Universal One-Loop Effective Action

for non degenerate mass matrix
A. Drozd, J. Ellis, JQ and T. You arXiv:1512.03003
Litoop = ! (! D! m?! U)!

ff,
L oop = zcs{fl + fiU; + f”Gf,, i f”U2

+ 15 (PuGluvis) + 16 (Gais) (Gro i) o) + F1(Pulig)* + £ (UisUjnUki)
+ f5' (Ui Gl it G i)
+ P (UsUiUnUs) + f135U35 [Py, Ujk][Pay Ukl
+ f12 a ( [P,,, UzJ]) ( u[PVa Uyz]) + f12 b (P,,[P,,, Uij]) (PU[Pw Uji])
fi3,c (PulPyu, Uij)) (P[P, Uﬂ]) dim-g 4
+ [ UUG o iGoawii + 13 [Pas Uis] [Poy Uik] Gk Operators
+ ;i',’; -,j[Pm Ujik] - I’%’;[Pu, Us,iU3 ) [P, G ]
+ fieUiiUitUaUimUnmi) + f15 Ui Ukl P, U] [Pu, Usi] + f15° Ui [Py, Uk Ura[Pa, Uss]

n fﬂklm’"(UijUijklUlmUanni)} ) (31)

+works also with mixing between Heavy-light fields: S.A.R Ellis, J@, T. You, Z. Zhang arXiv:1604.02445

0
see also talk of J. Santiad :



Universal coefficients
d*q

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

fi
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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

2m '2 A. Drozd, J. Ellis, JQ and T. You
2 (- 130 I[q? 40) arXiv:1512.03003
+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)

(Ta®]i3% + 20la)i 5k + Xa®]i 5k — 2L 5%) m; 18



Application: matching SM-EFT vs UV mode]‘
US\( fis =

Let’s match dim6-EFT and the MSSM :

ZIHP GG ) | O = (0HI)’
. Oww = 2 IHPWLWom | | or = L(u'D,H)
B ' O; Onn = o B B Or = [|HPDH
- »CSI\/I + ZF Owp = 299H"HW?,B" Op = |DH|
i Ow = ig(H't*D*rH)D*'We,\| O = |H|°
T Op = LqYH(HTD“II)()'B O = -—3(D*GY,)
Osw = ‘Hg(abCW'““IVb' wee O = —3(0"Bu)

Oy = 0Ot Oww — Owsp




matching with the One-Loop Effective Action

EUV:,CSM‘F.(I) .C. +(I)T.—D2—M2—U (I)+O((I)3)

R-parity / 0 l

M2—| @ = (@

2
0 ms th
[ — (h% 29205)HH + —g2sﬂHH %( oC28 t 292)|H|2 htthI
htXtH (h2 %Y" C2B)|H|2

‘C(;f}ioop = ch{fl +f2U11+fZJG:fuzg fz-?(]2

+ 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]

zﬂdmn( kUklUlmUanm’)} ; (3.1)
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Application: matching SM-EFT vs UV mode]“é
SUS\( fi'sS

Let’s match dim6-EFT and the MSSM :

I < ‘ |
L=L + | —OZ COGG =_gelH[ G?WGQ'W) On = 3(0.1H)’
I i A? Oww = g*|H|" Wi, W Or = L(H'D.H)

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

v

Ow = ig(Ht*D*H)D*W? 0s = |H®

v
Op = igYu(H'D*H)8B,, | ¢ = -1(D*G2,)’

2
. . 2
- - > Or — 1. ab(.Ga;t GbUG(.p 8 — _1 DHEW @
Cee = Eeﬁfﬂr[(l*’ll_z-h’*)_;;.’] Cun—"cﬁ‘ﬂ%&[(“”;—h"")"ggﬁ] G 3!gbf P n v 2W 2( I“’z
. , ' i - 1 abeyyyapyr/bviysce ) - _1(au
Cww = ThrTx [(l - é—,,"“) -3 EL] ow = 7 i %’: 0'3“/ - 319¢€ ‘/Vl) WI‘ h v 028 - 2 (d BI“’)

! " T T X; 9% +297)ez4 r X — _
en=cibnd (14 459 + 55 - 13 (1o 1 250) + 53] O, =0+ Oww — Owsp
i 2., ¢2 '
2 1 ;

o

X! 1 (9% +9%)eza xf
\+E¥f[l+a % _?m

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 22



Indirect Constraints on Stqgﬁn\

0.00006;
A. Drozd, J. Ellis, J@ and T. You arXiv:1504.02409
0.00004
, : : - _— deg. m;,,
Coeff. | Experimental constraints | 95 % CL limit X, — Ol 0.00002
f =
= LHC marginalized —4.5,2.2] x 107° | ~ 410 GeV ~, 0.00000}
b individual (—3.0,2.5] x 107° | ~ 390 GeV ~ 000005
- LHC marginalized —6.5,2.7) x 1074 | ~ 215 GeV o
¥ individual (—4.0,2.3] x 107% | ~ 230 GeV -0.00004}
_ marginalized (—10,10] x 107* | ~ 290 GeV
; LEP . - , . -0.
r individual [—5,5] x 107* | ~ 380 GeV 0-00006
_ _ marginalized (—=7,7] x 107% | ~ 185 GeV ~0.00008; .
1 . LEP o =0.0015 -0.0010 -0.0005 0.0000 0.0005
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©T N . .
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Indirect Constraints on Stopgiders

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

Coeff. | Experimental constraints 95 % CL limit X, = 0( leg. ";i(‘t —
[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 FCC.co | marginalized | [=3.0,3.0] x 10~° [~ 1065 GeV | ~ 920 GeV
o individual | [=3.0,3.0] x 107% | ~ 1065 GeV | ~ 915 GeV

LGl marginalized [—3.4,3.4] x 10:‘: ~ 200 GeV | ~ flO GeV

. 50Ge individual | [-3.3,3.3] x 10 " |~ 200 GeV | ~ 35 GeV

o FCCco marginalized | [—6.4,6.4] x 107> | ~ 385 GeV | ~ 250 GeV

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

[, 1150/ marginalized | [-3,3] x 10~* ~ 480 GeV | ~ 285 GeV

. 250GeV individual [=7,7) x 107° | ~ 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

o |GGy | individual | [<6,6] x 107 | ~ 340 GeV | ~ 470 GeV
e — marginalized | [—2,2] x 10°° | ~ 545 GeV | ~ 960 GeV
¢ | individual | [-0.8,0.8] x 1075 | ~ 830 GeV | ~ 1590 GeV

24

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




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)

20




Covariant Derivative Expansion

We want to keep gauge invariance manifestthrough the computation

Fourier transform x —Qq:

ghloop = L g2y - - d*z! x| . s " q| o’
eff 2 * DXy m2+ U R S P ) N T A
4
1-loo 2 14 d 4 ig.x 1 l1g.x
S, = | dmi d*x e e '
¢ (27)4 D2+ m# + U

d*q 1
(2m)* (D+iq)? + mg + U(x)

Sellél!OOp = / dms d*x

30



Gaillard & Cheyette’s trick

Shift q by the covariant derivative D :

S, — I_ | dm-? d4x d4q eiD.ﬁq 1 e_iD'aq
¢ T 9 (27)4 (D +iq)?2+m# + U
| d*g 1
Ser = = dm4d*x . -
et = 5 N GTRY. —(G,,"V+ q)2+ m2 + U
- ! n+ 1 " v
GI l P'l, ...P'n,G|
Wlth ' ngo (n—|—2)'[ [ [ MH]I q" 1--°Q"n
R | 3
U — _I[-P| 17[[-P| n 7U]]]|
1=0 1. - qr e qr

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

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

- 4
S.q = —I—/dm?bd‘lx c q4 . ! -
2 (21 (G +qu)? —mg — U

1 N

qu! m; + Gr Gy 17, + {CIM,G:!u}!! 1 U

L g D I T
Expansionin A: A1
oo i dq < S
Selffl P — —5 /dm%{)déle‘l%tr\ - q — U) (—A) +1
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
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Non degenerate mass matrix

0 M; O 0
1 0 0O M,

| 1 , ,
!ﬁQ-(! | = zTlr In |D*+ mg + U]

_i 2 - 1 -
B Q/dm..Tr D2+ m?+ U



Non degenerate mass matrix
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Non degenerate mass matrix

1 0 0 “M; 0 0
[ 1] O 11 O
0 0 1 0 0 M,

Does not commute
anymore with U and G!

[dan{a@u [A@G*A@] p S {ue?) [daaa)y [4%)

cyclicity of the trace is transparent

0

S N % 0
dg Ai(DU;; a0 Aj(Q)GA(9 = Ui;Gj;  dgAi(g) a9 [A; () Ai(q)]
i,J 1,]

re-ordering operators change of indices

i.e. change of ixwﬁ{—/

(

general case
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matching with the One-Loop Effective Action

EUV:,CSM‘F.(I) .C. +(I)T.—D2—M2—U (I)+O((I)3)

R-parity 9 0 l _
a __a - T ~
o= (W 0 ) i (e 5 )= (8

tr— pv

B =

(h? + 393c2)HH! + 39353 HH' — 5(93Ygc28 + 593) | H|? htthI

U =
htXtH (h2 %Y" 625)|H|2

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

+ £ (PuGliii)? + 1 (Gruii)(Goo i) (Goppi) + Fi(PuUis)? + f3* (UsjUjkUss) iy (102 dgtew) . 103+ gters) . 1 (43— oten
n fzJ(U G,u]kG;u/ ) “BB T Tix)? (m mz? "9 m? T 36 m?
+ 110" (UsgUikUaUs) + f11"Uij [Py, Usk] [ Pas Ui - D ) ~
+ 15 o (PulP, Uy)) (PulPo, Usl) + £, (PulPy, Ug)) (Po[Poy Usi) o (10E-ldew) 1 BXE 1 BX2
+ 113,¢ (PulPs Usg]) (B[P, Usil) e = i (i )
+ I UG UGG S (P Us) (P U] Gl owa = o (- 2 agoe) S i)
+ (FieUig[Pus Usk] — 151 Pus Ui jlU3) [Pos Gy 1] : o -

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

zﬂdmn( kUklUlmUanni)} ; (3.1)
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EFT vs Loop Calculation

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

+ Operators > dim-6 become important when EFT cut-off (stop mass) is too low

—EFT —MSSM
|cg -C |

m-==m- =m-
Q tr t

I 0.000020

== 0.000015

— 0.000010

I 0.5x 1(}"5

#1

EFTw MSSM
g
o
—_—
o
o

-~ 0.010}

0.001¢

107 ‘ — ‘
200 500 1000 2000 5000

|~
tq

A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409 37



Indirect Constraints on Sto\g)s \
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The current sensitivity is already comparable to that of direct LHC searches 38



