The origin of the Higgs
in the Standard Model

Need to break electroweak symmetry

scalar field interacting with gauge fields

\ /

. /
Gauge couplings g, g
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The origin of the Higgs
in the Standard Model

x%
SSB S~ o
Energy scale >
L7
4 x

. /
Gauge couplings g, g
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Standard Model:
most economical SSB

New degrees of freedom: 4=3+1|

3 L 4L

2 /2
MW:%U MZZ\/g 2_|_g v Mp=0

1 Higgs scalar |

E. Masso
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E. Masso

Unitarity

Ww — WW

w! w'

W W

Dominant contribution from 7,4
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Unitarity

w* w? w! . w!
‘} _____ R {i‘ 11
W W W\w\
Text
S S
Mpiaas ~
M99s T M2, s — M2
Cancellation ./\/lgauge + Mhz'ggs

of linear growing
(for a light scalar)

E. Masso
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E. Masso

LHC scarches

(and previously LEP and Tevatron)

Fundamental scalar?

(at electroweak scale)




SM-like scalar ...

Couplings Overview

fs=7TeV,.Ls511" (s=8TeV,L= 196"

CMS Preliminary & 68% CL I
= 05% CL
Ky +
K, * p =037
)"WZ‘ —*.— Pgpy = 0.41
’%’J --%--"--—-—-—1%n‘-(139
ho| | —e—— 0
Kg —*é'
K, —*:— by, = 0.23
BResur—l l 1 p - 0 4
0 0.5 1 1.5 2 2 5
parameter value

ATLAS Total uncertainty
m, = 125.5 GeV E S + 20
Model: 1 IR | (A"
Ky Xy

K¢
9“.312% { |
Model: A :

FV
hrve X Poy=12% | 1
Model: : :
Nehr M ,
Ny Xz Poy =20% | \
Model: | Lo . .
Ky X, :
P9,==1496 i (6 |

-1 1

GeTTevflacdsann’ Parameter value
GedTeVflas2070" Combined H - yy, ZZ*, WW*

* Different Sectors of the New Boson Couplings tested: P,,>12%
All compatible with SM Higgs expectations

2/22/13

E. Masso

F. Cerutth LENL

EPS-HEP Stockolm 2013

F Cerutti
EPS 2013
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... and nothing else

nperiad Coege
ATLAS Summary
; —— SUSY searches
: | (similar for other BSM)
3
g
£

Irgerial College

CMS Summary

Seares, O ROty

7S 2010 Dwed SUsY

O. Buchmuller
EPS 2013

E. Masso
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Effective Lagrangian approach

@ BSM at high scale A M
would modify h(126) properties > Mw

@ Integrate heavy dof
obtain d=6 operators formed with SM fields

1
/ © p2 Y6~

Wilson coefficient \
High-enery scale

(suppresses effects)

d=6 operator

Describe quasi-SM Higgs
i.e. SM field with (slightly) modified couplings

E. Masso
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E. Masso

Effective Higgs
Lagrangians

Eduard Masso
Universitat Autonoma Barcelona

In collaboration with
Joan Elias-Miro, Jose Ramon Espinosa and Alex Pomarol

and S. Gupta and F. Riva work in progress

hep-ph 1302.5661 and 1308.1879




E. Masso

Outline

Basis of d=6 operators
Constraints on Wilson coeffs.
Renormalization

Conclusions
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Operator basis
How many independent d=6 operators !

(after using EOM, partial int., identities
to eliminate redundancies)

Buchmuller & Wyler 86
Grzadkowski, Iskrzynski, Misiak, Rosiek |0

E. Masso
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Operator basis
How many independent d=6 operators !

(after using EOM, partial int., identities
to eliminate redundancies)

Buchmuller & Wyler 86
Grzadkowski, Iskrzynski, Misiak, Rosiek |0

59 (one family)

59 ways to modify the SM !!
(many more for 3 families)

E. Masso
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Bosonic

Oy = L(0*|HP)? - Adopt SILH basis

O % (H*B,LH)z Giudice Grojean
— \H[® Pomarol Rattazzi 07

Ow = g (H’faaD#H) D*We,
O3 = (HTD“H) 9"B,,

e e e e e e e e e — w— w— — — w— w— = -

G “L(DrWe )2
Ozp = —5(0*Byy)?
One = —L(DHGA )2

Ops = ¢2|H[?B,, B™

- _Ycc = g; |:[{_|2_Gﬁyq/_m_u_ —
Onw = ig(D*H)lo*(DYH)W

Osip = z'g'(DﬂH)f(DVH)B,,,, |

ng — %geabCWﬁ‘f”W,prC"“
Osc = %9sfapcGAYGE GCrw + 6 pure CP-odd

E. Masso |13
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E. Masso

Fermionic

(one family)

_________________________

= (iH'D,H)(ary"ug)

= (i 'D,‘H)(Qn"Q,)
(3"' = (iH'0°D,H)(Q11"0°Qv)

_________________________

O p = (Quy"QL)(TrY"ur)
O = (QuY*TAQL)(@ry T ur)
0}‘{1{ = (@ry"ur)(try" ur)

1= (QuyQL)(Qy'QL)
| 05" = (QuyT*Qu)(QuyT*Qr)

Of, = (Quy*Qr)(Liy"Ly)

02" = (Quy*o°QL)(Liy*o°Ly)
m = (QLY"QL)(ErY"er)
w = (Lyy*Li)(@ry ur)
Ok = (Gry"ur)(dry"dp)

OB — (apy T Augr)(dry*T dR)

01{1{ = (ﬁR'T“uR)(éR'Y"eR)

yd — yd|H|2QLHdR

Ofn = (Quy*QL)(dry"dr)
O?i)fd = (QLy*TAQL)(dry*T"dR)
O = (dry*dr)(dry*dr)

Oy = (Liy* L) (dry*dr)

Ofn = (dry*dr)(Ery er)

— yelHl'zI-,LHeR

= (1HfD H)(érv"er)
L — (2HfD“H)(LL'}"‘LL)
O = (iH'o*D,H) (L y"o°Ly)

. T T

O%p = (Lyy*LL)(Ery"er)

————-——————q

O%r = (€rv*er)(ErY*er)
O}, = (Lyy*Ly)(Liy*Ly)

e A e e e e e e e e W e e e e e e e e e e

Oy = yluuGH'D,H)(@nr'dr)
Oyys = Yu¥a(QLur)Ers(Q1dR)
Opne = Yuba(Q T ur)ers(Q3TAdr)
Oyove = Yule(QLur)ers(LieR)
O,y = Yu¥e(Q7er)ers(LiuR)
Oy.ys = Ye¥i(Lrer)(drQL)

e ———

O%p = YuQrLo" up H 9'B,.,
O}‘)W = y.,QLa‘“’uR GaHgW:U

Obc = yuQro* TAug H 9:G3,

O?)B = deLO'wdR Hg’Bm,
Obw = YaQro*droH gw,
Oh¢ = yaQro**T4dp Hg,G2,

BB — yezLa‘weR Hg’Buu
Oi)“r - ycLLU“uCR UaHgWa
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“Tree” vs “Loop”

Artz Einhorn Wudka 95
In weakly renormalizable coupled theories

High-energy origin of effective opers.

Otree Oloap

A

)
Jf qu

Current x Current

E. Masso |5
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Otree Oloop

In general, we keep this separation:

- ops Current x Current (call them Tree)

- other ops (call them Loop)

ﬂ? Well-defined classification

3% Proves convenient for many purposes

PAY Expected with different sizes in many
favorite theories (SUSY, 2H model, etc)

E. Masso
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Blue or Red

Or =1 (HTD“H)
Os = \|H|®

«—
H'g"DVH) D*Wy,

f Opw = ig(D*H)\o%(D"H)W
i = z’g’(D“H)f(D”H)B

E. Masso

T

O3 = (iH'D,H)(iiy"ug)

0= (iH’HnH)(QI.7“Q1.)
07 = (iH'0°D,H)(Qu1"0°Qy)

Oir = (Qur"Qr) (G ur)

O = (Quy*TAQL)(Gry T up)

0}‘m = (Gpy*up)(igy ug)

= (Qu1"QL)(Q:r"QL)
(QL’I“TAQL)(QI ¥T4QL)

Quy*Qu)(Liy*Ly)
(QI vo°Qr)(Liy“o°Ly)

1 % = (QuY*QL)(Er"er)

Of'g = (Lyy* L) (py*ug)

O5h = (@gy*ugr)(dpy*dr)

E O — (@ry"TAur)(dry"TAdr)

Ofr = (UR"!"UR)(én‘T“CR)

O% = (iH! D, H)(dsy*dp)

08 = (Quy' QL) (dry*dR)
O = (Quy*TAQL)(dr*TAdR)
Ofip = (dry*dg)(dry*dr)

Oy = (Lpy* L) (dry*dR)

Ot = (dpy*di)(Exy*er)

O VARGt |

TREE

*"*0'” = y,IHI L Hen
= iH'D, H)(Exvver) 1§
O, = (‘H1DuH)(LL‘7“LL)
0P = (iH'o°D,H)(Liy*o° L)
Oir= (Ll,‘?“Ll.)(éM"cle) '

Ofir = (Ery*er)(Err“en) 1
O, = (Liy*Ly)(Liy"Ly)  '-

O = y.‘.yd(tH D,.H)(ﬂn‘)“dn)
oy W= yuyd(QLuR)(ra(QLdR)

" Ov..y.s = yuyd(QZT ‘uR)‘u(QLTAdH)

o yuyr(Ql uﬂ)‘r:(Ll eR)
0 yuyr(Ql eR)(ra(Ll uR)

r Ou e = ytyd(LLcR)(dRQL) @

Ohw = yuQro*ug a“ﬁgl

i = i Quo Toun He.C | Obc

Obw = vaQro**dro®HgWs,

=yQuo*TrdpHgGs, | ¥
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| have choosen a basis Basis is not unique

Physics is independent of basis,
but there may be some more convenient than others
(In general it depends on the objective)

sie Cleanest connection observable-operator

Y% Keep tree-loop separated

si¢ Avoid (or at least control) blind directions
i.e. directions not bounded by a set of exps.

si¢ Capture in few opers impact of BSM models (SUSY, 2H, ...)

si¢  Show some BSM symmetries

E. Masso
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Modifications to Higgs couplings

Vv
h h <f
v f
V
h
7’
h h 7
7’
__________ o _
\\ h
‘ f

@ restrict to CP-even modifications

E. Masso
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Modifications to Higgs couplings

c, =  gnhirh(fofr+h.c) + gryvhVHEV,
+anzs, ;W Zufi fL + gz fppn b ZufRYM IR
‘|‘9thLf/LthfL’YMf/L + 9hhhh3
+gonww (W THW 0" h+n.C)+gonz 2 ZH Z1uwd” h

+95, 772" Zywtgnaah AP Apv+gonazZH Ao h

IhAZzh AP Zyy + gnaahGAHY G,

E. Masso
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Departures from SM are generated
by Wilson coeff. of d=6 operators

How many ? Which ones?
Are they already constrained ?

- One family
- Only CP-even ops.

E. Masso 21
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18 Relevant Higgs operators

Bosonic ] D
Op = 5(HTD,JJ)
1
Opg = 5(@M|H’2)2
O = N H|°

O = Y (HT aﬁﬂH) DY W
W — 5 o Uv

ig’
Op = - (HTD“H> 8" By
Ogc = 9:|H|?G G

OHW — ZQ(D'MH)T a(DyH) /LV
ig'(D*H)T(DYH) By,

E. Masso

26
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18 Relevant Higgs operators

S
Fermionic Oy, = wyulH|"QrHupR
5
Oyd — yd‘H’ QLHdR
Oye — ye’H‘QELHeR
L o ~
Or = (H'D,H)(upy"upr)
L o _
0% = GH'D.H)(dpy"dR)

% <iH"zZLH><ém“eR>

(tH'D,H)(Qr "Qr)
(3g _ (ipgt.apry 3 a

oD = (ilte D) Qo QL)

O
~
|

3l = -
022 = (LpyHoLp)(LpyHo®Ly,)

@ Can assume 3 families,
impose Minimal Flavour Violation MFV

E. Masso

23
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Constraints from pre-Higgs era:
8+ 2

Z-peak M W
EW low energy meas.

S, 1, Mw,Z — ]Ff

LEP2 Triple-gauge-boson vertex
(LHC will do better than LEP2)

1
gZ?’{’Y

@ No dominance of tree ops assumed

E. Masso

24
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Constraints from pre-Higgs era: 8 + 2

E. Masso

1/ a6 N2
> (#1Dun)
1

S (1 H[%)?
AH]®

Y <

Y (HTUQDMH) D*W,
2

. / H

% (HbﬂH) 0" B,

g2|H|?G4, G4

— 9/2|H|QB/LVB'MV
= ig(D'H)o*(DYH)WS,

ig'(D*H) (DVH) B,

yu|H
yda|H
Ye|H

QrHup
2QrHdg

QELHGR

GH' DL H) (apy ug)
(iH' Dy H) (A dp)
(iH' Dy H) (Epyter)
GH' D H)(Q"Qy)

= GH'e"D,H)(Qr1"0"Qr)

= (Lpy*o®L)(Lpy*o®Ly)

25
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Constraints from pre-Higgs era: 8 + 2

1/ 6 2
or = ;5 (H'DuH)

1 242 Oyu — yuHQQLEuR
— (M —
O > (O HT) Oy, = yalH|I*QrHdg
O = MNHI® Oy, = ye|H|?L;Hep
5 . H —
Ow = g(HTJG’E)“H) D*W Op = (ZHTZMH)(URVMUR)
72,/ o\ 0% = (iH'D,H)(dpy"dR)
D <
O+ 05 «—Op—m— (PP Of = (H'DuH)Epy'er)
<
0! = GH'D,H)(Qr~"
Opp = 4°|H|?B,B" Or = (iH'0"DuH)(Qry"0“Qr)

S . a 1% a - -
Owy  «—Opm—=—tefPLH DR, 0! = (LpAko L) (LpyHooLy)

Opp = ig' (D'H)(D"H)By,

Oww = 4(Ow —O0p) —4(Ogw —Opp) +OBp

E. Masso 25
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Constraints from pre-Higgs era: 8 + 2

1 < 2
or = ;5 (H'DuH)

1 242 Oyu — yuHQQLEuR
— _(HH —
O 2(8 HI7) Oy, = yalH|I*QrHdg
O = MNHI® Oy, = ye|H|?L;Hep
' < u — GHID TR
Ow = %(HTJG’D“H) D*W Or (iH DH/LH)(‘%RW uR)
e 0% = (GH'D,H)(dry"dR)
D <
O+ 05 O B8 Of = GH'D.H)ERy er)
<
0! = GH'D,H)(Qr~"
Opp = 4°|H|?B,B" Or = (iH'0"DuH)(Qry"0“Qr)
OWW FOHW — i§'€9‘iﬂ')i a(B”EHﬂza

) i O = (LpkooLy)(Dpy#oLy)
Opp = ig'(D'H)'(D"H)Bu

E. Masso 26
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Constraints from pre-Higgs era: 8 + 2

95 |H|° G}, GAY
Opp = ¢'°|H|*Bu,B"

QS
Q
Q

|

Opp = ig (D*H) (DYH) B

8 at |07-3

E. Masso

LL

yu|H
YalH

Ye|H

2QrHup
2QrHdp
QELHGR
(zH‘LDMqum fT)
(zH*DuH) " dR)
(™ T

— .‘;,'L‘ D/l,

) (epyter)
QLW“ Qr)

" (iH'o aDMH) ™, fy“aaQL)

= (L c®Ly) (LL’Y“UaLL

A )2

(100 GeV

26

Friday, December 13, 13



Constraints from pre-Higgs era: 8 + 2

Oy, = yu|H 2QLEI/UR
On = 5(8M|H|2)2 Oy, = yalH[*QrHdp
O = MH|° Oy, = ye|H|?L;Hep
= (ZHTDMH)(UJRW R)
O% e (ZHTDHH) Ao )
0% = (™ T ) (epyter)
Oqg = g§|H|2GﬁVGAW (S% ;“‘ QLV”QL)
Opp = ¢'°|H|*Bu,B" Op - (iH aDuH) e ’Y”UO’QL)
"l = (LL'YMUCLLL)(LL'YMU@LL

iz, = ig'(D'H)(DVH)Bu,

8 at |0A-3 ( A )2
2 At |OA-2 100 GeV

E. Masso 26
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8 “only-Higgs-Physics” operators

—~—

1, ' Oy, = vyulH|?°Qr H
OH — _((’)M|H|2)2 Yu yu‘ ’2?[/ UpR

2 . Oy, = vglH|"QrHdR
O = )“H‘ Oye — ye‘HIQELHBR

Oca = 92|H|*G1, GAHY
OBB — g/2|H|QB’uVB,LLV
Oww = g2|H|2W ik, W

@ Operators have form  |H|204 — (v+ h)2 Oy
@ Of these 8 ops: 5 tree + 3 loop

E. Masso
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8 “only-Higgs-Physics” operators

= = yHI°Q QLHdR hbb
h3 Q )\‘H‘ > ye‘HIQLLHe

@ Operators have form  |H|204 — (v+ h)2 Oy
@ Of these 8 ops: 5 tree + 3 loop

E. Masso 27
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8 “only-Higgs-Physics” coefficients

@ LHC measurements already put strict bounds
on some of the coeffs of operators

hGG hyy hvyZ

@ The Higgs LHC measurements do not lead to further
constraints on non-Higgs physics.

E. Masso

28
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E. Masso

Renormalization

29
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Anomalous dimensions
of Wilson coefficients

ci(N\)

l
c;(Mp)

Ac; ~ ;i g

167T Iog /\/MH

% Corrections will be important when
more precise Higgs data will be available

E. Masso

30
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We have calculated all anomalous dimensions
with larger impact on Higgs physics. Elias-Miro et al
1308.1879

Example: Ac; = ¢;(M;) — ¢;(2 TeV)

AT = Acpé =[—0.003cy +0.16 (cr, — cg)] €,

2
AZ
5gbZL B Alcr, + cf’)]
g 1—(2/3)sin’* Oy

- [o 01cp — 0.03 ¢y +0.06 ¢ — 0.17 ¢,y — 0.0064 %) + 0. OSCLR} 3

RN y

AS = Alep+cw) 52 = [0.001 ey = 0.01cp = 0.004c; — 003 ¢

£~ Aler, + Cf)]f

Very \
constrained Could be
large (top) Anomalous dimensions

calculated also in
Jenkins et al 1308.2627

and 1310.4838

E. Masso 31
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Tree -> loop mixing

’fl()op(/\) Assume weakly coupled theories
Rloop < Ctree

v
’{loop(MH)

AKioop ~ Y % l0g A/Mp

@ Mixing from tree operator can be important

E. Masso

32
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h — vy, ¥4

These decays described by loop ops.

Question:
Are there RGE contributions from tree ops. !

E. Masso

33
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h — vy, ¥4

These decays described by loop ops.

Question:
Are there RGE contributions from tree ops. !

Answer: NO

Easy problem to solve if one chooses a convenient basis
and takes into account all elements of basis.

% Answer independent of basis

E. Masso

33
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| > Orpprp = ¢?|H|?B,,, B*
Ow =4 (HTUGDMH) DYW, e = g HI" B

_ /
IR Owp = g9'(Ho"H)Wj, BH
Op =% (HT D“H) 8 Buy
Oww = g°|H|[*W i, W

( kBB ) ( kpg ) Elias-Miro et al
KWW KTV TV 1302.5661
d Iy — I O3><2 K
dlog CVVB 05%3 X CVVB
W 1%
\ 5 ) \ ¢B

Rest of tree-loop mixing also vanishes

E. Massé 34
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“Tree -> Loop” mixing
In general

@ 59 =39 (tree) + 20 (loop)

—_———— =

All tree->loop anomalous dimensions vanish,

‘except for only 3 tree operators

E. Masso

35
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“Tree -> Loop” mixing
In general

@ 59 = 39 (tree) + 20 (loop)

All tree->loop anomalous dimensions vanish,

|
 except for inly 3 tree operators

Physics:
Scalar leptoquarks and heavy double charged higgs
induce 4f that:

4f
l RGE

see, for example,
. Akeroyd et al 0610344
dipoles Benbrik et al 1009.3886

E. Masso 35
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Conclusions
@ d=6 operators used to analyze Higgs and EWV data

@ Convenient to separate tree and loop operators
@ Found hierarchy of constraints on Wilson coeffs

@ 8Wilson coeffs describe Higgs physics at LHC

@ Relevant anomalous dimensions calculated

E. Masso

36
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Additional

CBOB <7 Cp

CWc?W <~ Cw——=

1 1
Op = Opp + ZOBB + ZOWB :

1 1
Ow = Opgw + ZOWW =+ ZOWB :

E. Masso

9«

/2

9z

—%OT + % Z (v/of +viof)

1
——OH+2(96+ (Oyu+0yd+(9ye) 42(9?” |
f

37
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0L3y
= 19 COS Oy [(5912 Ax (W‘ ”Wl;'; —WT VW,[L_V)

+8ky ZHW W]
~+ g Sin Oy [0k~ A“VWM_WV_I_]

E. Masso

38
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