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Experimental Summary

@ Standard Model provides a good description of all observations

@ A particle has been seen with a mass M, ~ 126 GeV consistent
with the Higgs boson of the standard model

@ 0" quantum numbers favored

@ Production rate times branching ratios consistent with the
standard model, but with large error bars.

@ No evidence for any BSM physics up to energies of ~ 1 TeV

Precision EW data consistent with SM and a light Higgs.
Precision measurements at BaBar and Belle, including rare decays

such as B — Xsv, are consistent with SM
(CKM and the GIM mechanism).
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Simplest theory that contains everything we know up to the
electroweak scale is the SM.

Dark matter, neutrino masses, baryon asymmetry point to new
physics, but no indication that this is at the electroweak scale.

If there are no new particles at the ~ 500 GeV scale, then can use the
SM and parametrize new physics by higher dimension operators. New
physics effects o« p?/A2.

Main assumption:
SU(2) x U(1) symmetry broken by a scalar H — SMEFT J
4
H = —
(H) 7

is the only dimensionful parameter in the SM at the classical level.
Mw z, m¢ o< v. Quantum level Aqcp.
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H=

gOJr
5 (V+h+ig?)
SU(2) x U(1) linearly realized, and broken by (H). SM plus some
heavy particles, e.g. extra gauge bosons.

D,H'D,H — Z?(v + h)? = Z?(v? + 2vh + h?)

A lot of work on theories with SU(2) x U(1) broken symmetry and an
additional light scalar h added "by hand." h couplings such as h — Z2Z
not constrained to be their SM values. — Higgs EFT

v h (unrelated field)

H — emelv [ 10
V2

Technicolor with a light dilaton
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Generalize SM to SMEFT

Fields are three generations of fermions
L:q,-, /,', R:U,', d,', (H i:1,...,ng:3

the scalar doublet H, and SU(3) x SU(2) x U(1) gauge fields.

L=Lsy+ Z 1) @n) _ Loy + AlL(G) +... note the dots

N is the scale of new physics, and assume A > v

Power Counting

) 4 4
6) My g My 6 6) My
L()NF L()NF L()XL()NA4

4 (or v, mz, m; is a characteristic EW scale).
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Baryon and Lepton Number Violation

Dimension five operator:
L (HoH
Ns

AL = 2 operator which gives neutrino masses.

Not relevant for 1 TeV LHC processes, i.e. can have As > A since As
violates lepton number, but A does not.

Similarly, baryon number violating operators can be dropped.
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SMEFT Operators

@ Leading higher dimension operators are d = 6.

@ Assuming B and L conservation, there are 59 independent
dimension-six operators (not including flavor indices) which form
complete basis of d = 6 operators.

@ 59 operators divided into eight operator classes.

1:X3 2 H° 3: H*D? 4 X2H?
5: 2 H3 6 : > XH 7 ?H?D 8 :
X= Gﬁw Wplu/vB Y=gq,l,ude
Buchmuller & Wyler 1986
Grzadkowski, Iskrzynski, Misiak and Rosiek 2010
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Dimension Six Operators

1:X8 2:H® 3:H'D? 5:42H® +h.c.
Qe | HECGHGBrGS- Qu \ (HTH®  Quo (HTH)O(H'H) Qe | (HTH)(lbeH)
Qy | HECGHGBr GSt Qup | (H'D,H)™ (HTD,H) Qun | (HTH)(@pu,H)
Qw | ¥ W;i” we W/ﬁ(u Qan | (HTH)(God:H)

_ WK Wlv e WK
Qp | W WP Wi

4 X?H? 6:1?XH + h.c. 7 :?H?D

Que | H'HGA, G Qew | (ot e,)r'HW., ol (H'i'D o H) Tyl
Qs | HiHGA, GAw Qes | (ho™e)HB,, Q) (H1i D H) (o'l
Quy | HIHWL W' Qe | (G TAu)H G, Qe | (HIiD . HEne)
Qui | HHWLW  Quy | (@ u) AW, Q) | (HD,H) @)
Qus | HIHB,,B» Qe | (@o"u)HB., Q2 | (HDH) @' a)
Qu | H'HBLB Qus | (Goo** TAd)HGA, Que (H'P'D o H) (B )
Quws | HIT'HW!, B Quw | (G dr)r'HW!, Qug (H'i'D  H)(@pyd)
Quis | HiTHW!, B Qo | (30" d,)H B, Quug +hc. | (D, H)(Tpr"dl)

S, T parameter operators are Qu and Qup. U parameter operator (HT WM,,H)2 is dimension eight.
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Dimension Six Operators

8: (ZL)(ZL) 8: (I_?E’)(I_?R) 8: (ZL)(I_?R)
Qi (o) Is7#l)  Qee (Bpyuer)(Bsy'er) Qe (o vulr)(Bsy*er)
Q% | @wa)@a) Qu | (Gowu)@sy'u)  Qu | (oyul)(@syur)
Q%) | @)@ 7'aq) Qe | (Gorudh)(@rid)  Qu (Tovulr) (s ct)
Q| Guh)@"a) Qe | (e @sr'w) Qe | (Gpnar)(@sier)
A | '@ 7'a) Qea | (Bowe)(@ d) QW | (@7ar)(@sr" ur)
QW | (Govu)(@td) QR | (@ TAa) Ty TAur)
Q) | (Bpnu TAur) (@ TAd) Q) | (G005 dh)
og? (@ T4ar) (07 TAdh)

8: (LR)(RL) +h.c. 8: (LR)(LR) +h.

Quodq | (her)(dsay) Qg | (3 ,s,k<

QP | @ T ur)ex(a “TAdt)

Qe | (herer(@tu)
(@t

3
Q) | (houwer)ex(@ho™ ur)

Buchmuller & Wyler 1986
Grzadkowski, Iskrzynski, Misiak and Rosiek 2010

v* = JJ, (LRY(LR), (LR)(RL)



Field redefinitions (equations of motion) used to eliminate operators.
59 baryon number conserving operators, not including flavor indices.

2499 independent coefficients for ng = 3:
1350 CP-even and 1149 CP-odd terms

156 different irreducible flavor representations: ®gq1.y.q,e SU(Ng)
= -
Que = (H'i D ,H) (87" er)
pr

under SU(ng)e has both singlet and adjoint pieces,

1 1

— QHe 0pr | + | QHe — — QHe dpr

Ng ss pr  Ng ss

Four-quark operators have more complicated representations.
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Field Redefinitions (Equations of Motion)
Used to eliminate operators with derivatives:

D"Fpy =g jy
g dy"TAP.s D'Fl, — g2 dy*TAP.s Gy T"q

Penguin operators give LL and LR operators; no 1PI diagram for LR

S,

ar R

Gaillard and Lee; Gilman and Wise

Aneesh Manohar 15.10.2015

12/ 41



Equations of Motion (contd)
H.D. Politzer: NPB172 (1980) 349

Operator conversions done by making field redefinitions, since

L(gb—i—ef((;S)):L(ng)—i—e%f(qﬁ)%—...

o
@ Change of variables in a (functional) integral
@ S-matrix unchanged
@ Green’s functions can change

@ Have to be a bit careful, since usually one computes 1P| graphs,
and the S-matrix includes non-1PI graphs.

@ Can induce operators for which there is no direct 1PI graph such
as the LR four-quark operators.
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EOM:
Ei=0
RG equations:

d d
M@Oi =i O+ Gi Er M@Ei = -TjiE

¢r can be gauge and scheme dependent.

RG evolution consistent with equations of motion — can evolve and
use EOM or use EOM and evolve.

Dawson, Hagelin, Hall; Bauer et al.
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Power Counting for the RGE

Amplitudes and anomalous dimensions obey power counting:
1 Lc® o c®)
dp
2Lc® o c® 4 [C(a)r
dp
In the SM, because of the dimension two operator HH, have
M% CW o W 4 m,C®) 1 ..

* SM parameter RG evolution affected by dim 6 terms at order m2,/A2.
Just as important as dim 6 operators. Jenkins, AM, Trott
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RGE for SM parameters from Dim 6

2

m?,
H 167 2{120/4"‘( 32X + 392> CHD+(12)‘_292+691YH) Chp + 21 + 212

d,u/\_
1230F 2Chw + 12922 Chig + 6 Chwe + 208CS) + S gBNeCLY)
+1295CF 20w + 1297YHCHB + ©9192YHCHWB + 392 Hi 392 c
tt tt

d o
Hau™H = 16 1622

d
ﬂ@[yd]rs 16 A5 {30(1/-/ CrolYdlrs + 5 CHD[Yd]rs+[Yd]rt< Hg +3CH > - C:‘-rltd[yd]ts

tS

[ 4Cpo +2CHp] ,

" 1)* 8)* % * %
= [YulsChyg — 2 (C(qgr +craCl) ) [Yalio + Ciedgl Yelpt + NeClrg Yulip
tr sptr sptr ptrs ptsr

1 *
+ 2 (C((JUZJd +Cr 3Cquqd> [YU]tP}

sptr sptr

dgs _ dge _ dgr _

m?, n12
M RET —595ChG M 436r o t592Chw , L RET 29101-/57
d 4ms, ams, d 4m2
H@es = —Tchev /L@‘gz = _?SCHW7 M@% = g1 CH51
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Anomalous Dimension Matrix

Alonso, Jenkins, AM, Trott: 1308.2627, 1310.4838, 1312.2014

Computed the running of the SM dimension-four terms and the full
dimension-six anomalous dimension at one loop, including all Yukawa
couplings for general ng.

~v: 2499 x 2499, or at least 156 x 156 = 24336.

J. Elias Miro, J.R. Espinosa, E. Masso, A. Pomarol, 1308.1879, 1302.5661

Use ng = 1 and only keep ;.
Compute ~ for 5 classes of operators — 23 rows x < 59 columns.
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Anomalous Dimension Matrix

BXE HP HYD2  PXPHR yy2HB  gyedXH — J2HRD
1 2 3 4 5 6 7 8
#xX 1| g2 0 0 1 0 0 0 0
HE 2| By Mgy gt g®A A2 g8 gth Ay2yt 0 M2 y4 0
HD2 3| gb 0 P2 g )2 9?y? &2, )2 0
PX2H? 4| g¢* 0 1 9\ y? 0 y? 1 0
yiRH 5| gf 0 P y2 & PNy PGBV BAyE A yR
gyv?XH 6| g* 0 0 9° 1 92, y? 1 1
WHD 7| b 0 2, )2 g y2 9?y? I
o8| g 0 0 0 0 9?y? P2 PP

Structure of anomalous dimension matrix.

9 ¥y A
47’ 47’ 1672
Jenkins, Trott, AM: 1309.0819

Many entries exist because of EOM
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Naive Dimensional Analysis

Georgi, AM: NPB234 (1984) 189
Jenkins, Trott, AM: 1309.0819

o) () (2 ()

with A ~ 4rf.
f2 3 y3 /\2 6 1 4 N2 1 2242
nga f_4H7 EHDa ﬁgXHa

1 2143 1 2 1 2142 1 4

Differs from just using 1/A? for all operators by factors of 4.
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Naive Dimensional Analysis

NDA weight w = powers of 2 in denominator.

272 2

A nx y2 ny 92 ng
7”0((16772) (167T2) (1671'2) ’ M=t oyt g

N=1+w—w,
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Familiar Example: b — sy

Use
Oq = B’y“PLU U’YMPLS
g AV
Og = me bot G'U,VPLS
Then

d [ G| _ L L+A1 Cq
Panlcg | Tl L-1 L Cy
where L is the number of loops of the diagram.

To get all terms to order g?/(1672), need ~4q at two loops.
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Features of RG evolution

There are some big numbers:

The evolution of the H® coefficient is

d 1

Han = Tor2 [108)‘0’4— 160 A% Cpyy + 48 A2 CHD] +..

For my ~ 126 GeV, 108 \/(1672) ~ 0.1.
Independent of normalization of Cy.

Many other terms with coefficients of order 30-40.
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Tree-Loop Mixing
Claim:

@ Operators can be classified into “tree” and “loop”

@ Based on some notion of “minimal coupling”

@ The mixing of “tree” and “loop” operators vanishes at one loop
counterexample:

d 1
2 Cop =
Hap =%~ 16x2

491 Ne (Yu + Yq) Clag, [Yulss | + -
prst

“loop” magnetic dipole operators:

QeB = (7p,aO—MVer)Ha B/.Ll/
or

“tree” four-fermion operators

Q/(:)z;u - (7£0uuer)ejk(é§ o uy)

Bauer et al. for HQET provides a counterexample
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X?H? (Gauge-Higgs) Operators

Look at only 4 operators (since there are 59 operators)

g3 A A v _ g12 v
Og =515 H'HG,, G, Op =55 H HB,,B",

g v 9192 v
Ow = 5 A2 HYHwe , war Ows = oAz H' r2H w2, B"

Also CP-odd versions, which do not interfere with the SM amplitude.

When you expand them out in the broken phase, H — h+ v,
geth — vy, h—~Z and gg — h.
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Considered these operators in an earlier work, and an explicit model
that produced these operators.
AM, M.B. Wise, PLB636 (206) 107, PRD74 (2006) 035009

An exactly solvable model that produces the Oy, Owg and Og
operators and the W3 operator:
AM: PLB 726 (2013) 347

_ (M/29) ~ (M/A3)YE _ (A2/M\)Ys
S0 P 2100 e " agiog i
48 log @Y 12log @Y 24 log @y
S
W2 ™ 288072 (d)

* some claims that these are “loop-supressed operators, and smaller
than other contributions such as four-fermion operators.
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The gg — h amplitude gets contribution from cg

For h — ~~,
Cyy =Cw +Cs — CuB
For h — ~Z,

¢,z = cwcotdy — cgtanfy — cygcot20yy,

cws(Mp) -
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Contribution to the Higgs Decay Rate

rth—1v) _ ’1 B ar2v2 ¢, 2

FSM(h — yy) N2

and I" ~ —1.64. Note the 472.

Similar expressions for gg — hand h — ~Z.
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Brief Experimental Summary

ATLAS: pyy=16=+0.3 CMS: p1yy =0.77 +£0.27
Naive combination of these results (not recommended) gives
fiy = 114402
If due to ¢,:

2
% ¢, (Mp) ~ —0.08, 0.003 = 0.003

The second solution is preferred. The first solution is when ¢,
switches the sign of the standard model h — v+ amplitude.

The experiments are sensitive to these effects if the new physics scale
Ais near a few TeV.
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uw_1—OO2SIogA+27(1-I/-\eV> ¢y ()

Experimental limit | S| < 0.1.

N

Plot of S at 4 = my assuming S = 0 at A, from cg and cy
Largest contribution from top quark.
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Minimal Flavor Violation
MFV: An SU(3) for q, 1, u, d, e. Chivukula, Georgi

@ Interesting mixing betweeen different flavor sectors
@ The SM respects MFV (by definition)
@ Is there a MFV symmetry in the UV?
@ Dimension-Six RGE preserves MFV

RGE feeds MFV violation from one sector to another.
QeW = (7p0'l“/er)7—lHWliV

MFV = Cew o [Yel,
or
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Magnetic Dipole Operator

1 1 ev
beyv = —Cog — —C L=—
7 g1 ersl? (0] er'év V2

where r and s are flavor indices ({ee, €., e;} = {e, p, 7}) and

Cge’y érO’HDPF“es FMV + hC
rs

: 1
Coy = {Y(s) + € (12 - gcsc2 Ow + — sec? 9w> } Coy
rs 4 4 rs

’
+2%e[Ye Yilvs + <§+2 cos? 9W> (vl Yelwte, + e? (12cot20y) €z

rs

— (2sin By cos O ) [ Y4 Yelw@oz — cotOw[Ydlrs (Crws + iC,55)
ws

8 . 5 .
+3€1Ydls ((gw + /fgw) + 6 (cotaw —tan ew) [Vils (%Z + /%,Z)

(3)
+ 1 6[Yu]WVC/eC[U
rsyw
as corrected by Signer and Pruna, arXiv:1408:3565

Constraints at A ~ 1 — 10 TeV level from y — ey, EDM, g -~ 2, etc.
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The current experimental limit on BR(1 — ev) is 5.7 x 10~'3 from the
MEG experiment, which implies

"4
Coy < 2.7 x 1074 TeV 2
V2 me ne ™

at the low energy scale ;. ~ m,,.

This bound implies

%0(3) <14x10°3 TeV2

lequ ~
pett

using the estimate In(A/my)/(1672) ~ 0.01 for the renormalization
group evolution, and assuming that this term is the only contribution to
%ey at low energies.

ne
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The anomalous magnetic moment of the muon is

4m,v
ja, = ——FE-Re ¥
w V2 SZ
which yields the limits
|Chwsl S0.6TeV2, |4, < 4TeV 2, ’::;Re CO| <7Tev2,
pputt

assuming that each of these is the only contribution to “e.
ML

The bound on the electric dipole moment of the electron translates to the limits

-3 -2 > -2 —2 | M —4 -
|Cuisl S2x 1073 TeV2, |4, S2x 1072TeV 2, eI Cioqu| <3 1074 Tev

eett

using the recently measured upper bound de < 1.05 x 1027 ecm from the ACME
collaboration, again assuming each of these terms is the only contribution.
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Empirical Observation

Cfefy X (CKAW + Icéjw> , Gey

no

((gw - iﬁrv) , Coy

Find this after adding all graphs and using the EOM. Individual
contributions are not holomorphic, and only the total respects
holomorphy.

@ Observation: 1-loop anomalous dimension matrix respects
holomorphy to a large extent.

@ Using EOM, so equivalent to computing (on-shell) S-matrix
elements.
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Holomorphy

Divide d = 6 Operators into Holomorphic, Antiholomorphic and
Non-Holomorphic Operators

X% = % (XW ¥ i)?,w) , X% = +ixt |
Xow = €uvapX )2 X = X

Complex self-duality condition in Minkowski space.
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Holomorphy

R. Alonso, E. Jenkins, AM: 1409.0868

Definition

The holomorphic part of the Lagrangian, Ly, is the Lagrangian
constructed from the fields X*, R, L, but none of their hermitian
conjugates. These transform as (0, ) or (0, 1) under the Lorentz
group, i.e. only under the SU(2)g part of SU(2), x SU(2)g.

[’dZG — ,Ch—l-»CH'i‘Ln:Cth'i_CEQE"’_CnQ”

Q, C {X+3, Xt2H2, (Lot R) X*H, (ZR)(ZR)}
Q; C {x—s, X~2H2, (Ro"L) X H, (m)(m)} = qf
Q. C {HG, H*D?, y2H8, v2H2D, (LR)(RL), JJ}



Holomorphy

(X% (X*2H2 y2x*H (LR)(LR) |(LRYRL) JJ 42H® HE H*D? y2H2D
(X*P® | =5 =0 0 0 0 0 0 0 o0 0
(XT2HR | =1 — b —h 0 0 ] 0 0 -0 =0
V3XTH | = b b —h hr -0 -0 —0 0 2 -0
(CR)LR)| —0 3 b be YiYea MYia B 2 3 -0
(LR)AL)| —0 3 S0 Y.V YiVe be * 3 3 =0
JJ -0 # =0 YuVed * * 3 3 2 *
RH | 50 = =5 * * P« *
H8 -0 ] A 3 3 ook ox *
HD? | =0 =0 -0 3 E 3 =0 B *
WHRD | 50 50 =0 -0 -0 * =0 3 o« *

0: Vanishes by NDA, i.e. NDA gives a negative loop order
#: There is no one-loop diagram (including from EOM)
hr: Holomorphic. Nonholomorphic terms forbidden by NDA and flavor symmetry
— 0: Vanishes by explicit computation, after adding all contributions. Individual graphs need not
vanish.
— h: Holomorphic, by explicit computation
*: Non-zero



@ The 11 block is holomorphic
Vo5 =0

@ The 12 block vanishes except for the red terms proportional to
Yu Ye or YU Yd

Ly=-GYidH -G YjuH,—T7YleH +hc.
Hy = ejH"

@ one entry x present even if Yukawa couplings set to zero.
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RGE of SM parameters

Recall that

p G o i, CO
"

d d (4n  .0Ox 2my,
p—T=p— | 5 — 5= | = =5 Chx+
dp dp \ gy 27 g%

7 is the SUSY holmorphic gauge coupling

Clifford Cheung and Chia-Hsien Shen have an explanation. arXiv:1505.01844
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* Entry: Some Numerology

Ch =395 (912 +305 - 12)\) Re(Crw,+)
3% (g% + 6 — 4)) Re(Cr.+)
— 39192 (912 +05 - 4>\) Re(Crws4) + - -
The Cup and Cyws,+ terms vanish if g2 + g2 = 4X:
m?, = 2m3 = (129 GeV)?,
and the Cpyy,, term vanishes if g2 + 3g2 = 12X:

mg = §m§ + gmzw = (119GeV)?,

(129 GeV)? + % (119GeV)? = (125.7 GeV)?
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Summary

@ EFT prvoides an efficient way to parametrize deviations from the
SM.

@ Complete RGE of dimension-six operators of SM EFT has been
computed, including contribution of dimension-six operators to
running of SM parameters.

@ RG evolution of dimension-six operators important for Higgs
processes at the ~ 10 — 15% level.

@ Flavor mixing allows for a test of MFV hypothesis.

@ Holomorphy of 1-loop anomalous dimension matrix of
dimension-six operators.
» Does it hold in a more general gauge theory?
» Does any of it extend beyond one loop?
» Does it hold at dim 8?
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