3. Electroweak Effective Theory

e Higgs Mechanism
e Custodial Symmetry
e Equivalence Theorem

e EW Effective Theory

e Linear Realization
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A New Higgs-Like Boson
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Great success of the Standard Model

SUR), ®U(l)y  v=246 Gev

)
1% Fundacidn M, cos@y, =M, =—-vg
o Principe de Asturias 2

A. Pich Theory Highlights & Outlook 3



Beautiful Discovery

Boson, J#1

Fermions = Matter ; Bosons = Forces

e Fundamental Boson: New interaction which is not gauge

e Composite Boson: New underlying dynamics

EFT A. Pich - 2015



Beautiful Discovery

Boson, J#1

Fermions = Matter ; Bosons = Forces

e Fundamental Boson: New interaction which is not gauge

e Composite Boson: New underlying dynamics
2 2
If New Physics exists at Anp MY ~ (fT)z Nip log </E—§>

Which symmetry keeps My away from Anp?

e Fermions: Chiral Symmetry
e Gauge Bosons: Gauge Symmetry

e Scalar Bosons: Supersymmetry, Scale/Conformal Symmetry ...7
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Symmetries & Mass Scales

Fermions: g — e LRy g Chiral symmetry

Ly = P (i —my) ¥ = i + Pridibr — my (Pripr + Pripr)

Symmetry recovered at my, =0 —p dmy, o< my,
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Symmetries & Mass Scales

Fermions: g — e LRy g Chiral symmetry

Ly = P (i —my) ¥ = i + Pridibr — my (Pripr + Pripr)

Symmetry recovered at my, =0 —p dmy, o< my,
Vectors: A, — A, + 09,0 Gauge symmetry
La = —%FuF* + 1mi A A"

Symmetry recovered at may =0 — 5mi X mf‘
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Symmetries & Mass Scales

Fermions: g — e LRy g Chiral symmetry

Ly = P (i —my) ¥ = i + Pridibr — my (Pripr + Pripr)

Symmetry recovered at my, =0 —p dmy, o< my,
Vectors: A, — A, + 09,0 Gauge symmetry
La = —7 FuF™ + 3 my A A"

Symmetry recovered at may =0 — 5mi X mf‘
Scalars: Ly = 20.00"¢ — 1 m} ¢? Any symmetry?

No additional symmetry at mg =0 —p 5mé x M? (M = any scale)
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Symmetries & Mass Scales

Scalars: Lo = 20,00"¢p — 1 md ¢ Any symmetry?

No additional symmetry at my =0 ==l 5m(2b x M? (M = any scale)

e Shift symmetry: o — ¢d+c

Pseudo-Goldstone Boson
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Symmetries & Mass Scales

Scalars: Lo = 20,00"¢p — 1 md ¢ Any symmetry?

No additional symmetry at my =0 ==l (5m§5 x M? (M = any scale)

e Shift symmetry: o — ¢d+c

Pseudo-Goldstone Boson

e Scale symmetry: x — x/\ , d(x) — A p(x/A)
M=0 , VM

Conformal Invariance. Dilaton
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It is a Higgs Boson

Ar = (mg/M)!Te

EFT

(gv/2v)"/? = (My/M)+<

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

L CMS ¢ ]
L |-=68% CL 1
£ |—95% CL 3
[ |---SM Higgs ]
;” Me)fit | |
E BEe8%cCL | 7
—95%CL | |

L \\\HH‘ L \\\HH‘ L \\\HH‘ I

0.1 1 10 100

Particle mass (GeV)

A. Pich -

SM: ¢=0 ,

Ellis-You, 1303.3879

M = v = 246 GeV

CMS: (95% CL)
¢ € [~0.054, 0.100]

M € [217, 279] GeV




Possible Scenarios
of EWSB

©® SM Higgs: Favoured by EW precision tests

® Alternative perturbative EWSB:

My =i AITH(T +1) — Y

Scalar Doublets and singlets Pree = 1y 2 = 25, v2Y?

© Dynamical (non-perturbative) EWSB:

Pseudo-Goldstone Higgs

Scalar Resonance

EFT A. Pich - 2015 8



Possible Scenarios
of EWSB

©® SM Higgs: Favoured by EW precision tests

® Alternative perturbative EWSB:

. My S v ITi(Ti +1) — YA
Scalar Doublets and singlets Pree = 1y 2 = 25, v2Y?

© Dynamical (non-perturbative) EWSB:

Pseudo-Goldstone Higgs

Scalar Resonance
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model &mTY Jets EP™ [raqn) Mass limit Reference
MSUGRACMSSM 0 26jels  Yes 203 | 17TV mia=miz) 14057875
-t} 0 26jets  Yes 203 |a 850 GeV/ m(E)=0 GeV, m(1* gen. 4)=m(2* gen. ) 1405.7875
@ dar. 4—q¥] (compressed) 1y O-ljet  Yes 203 |@ 250 GeV m(@-m(E}) = m(c) 1411.1559
s ﬂw/ 0 26jets  Yes 203 |& 1.33TeV m(E)=0 GeV 14057875
5 —saa¥ —qaW Ten  36jets  Yes 20 |& 12TeV mE})<300 GeV, m(i*)-0.5(m(¥)sm(z) 1501.03555
B | 22, g-aqetitvimit) 2ep  0Bjets - 20 |& 1.32TeV miE)=0Gev. 1501.03555
@  GMSB (I NLSP) 127404¢ 02els  Yes 203 |& 16TeV  tans>20 1407.0803
G GGM (bino NLSP) 2y - Yes 203 |& 1.28TeV miE})>50Gev ATLAS-GONF-2014-001
S GGM (wino NLSP) teusry - Yes 48 mF})>50Gev ATLAS-GONF 2012144
£ GGM (higgsino-bino NLSP) Y 15 Yes 48 m(F)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e4(2) 03jels Yes 58 m(NLSP)>200Gev ATLAS-GONF 2012152
Gravitino LSP 0 monojel Yes 203 | Fscale 865 GeV. m(G)>18% 10 eV, m(z)=m(g)=1.5 TeV 150201518
= 0 3b  Yes 201 % 1.25TeV m(i})<400 GeV 14070600
g"g 0 7-10jets  Yes 203 |& 11 TeV. m(@) <a50GeV 1308.1841
< E 0-teu 3b Yes 201 | & 1.34TeV. m(})<400 GeV 1407.0600
5 Olep 3b Yes 204 |& 1.3TeV. m(})<300 GeV 1407.0600
we o 26 Yes 201 |y 100-620 GeV miE)<s0Gev 1308.2631
=8 2e4(89) 03b  Yes 208 |, 275-440 GeV 1404.2500
S3% 12en 12b  Yes 47 1209.2102, 1407.0583
3‘3 2ep O2jets  Yes 203 215-530 GeV. 1403.4853, 1412.4742
&5 Olex  12b  Yes 20 210-640 GeV. 1407.0583,1406.1122
'3.3 0 monojetictag Yes 203 90-240 GeV' 1407.0608
s 2eu@  1b Yes 2083 150-580 GeV mE})>150 Gov 14035222
3en(2) 1b Yes 203 |& 290-600 GeV' m(F})<200 GeV 14035222
2ep 0 Yes 203 |i 90-325 GeV mEh)-0 Gev 1408.5204
x.x‘ IRik vty 2em 0 Yes 203 |} 140-465 GeV m(i‘“)A] GeV. m(i, 1403.5294
1A =) 2r - Yes 203 |& 100-350 GeV m(E})=0 GeV, m(z, 1407.0350
E.: )‘(.XHILVM(M, Gl 3ep 0 Yes 203 |FA 700 GeV. (22, m(F1)=0, m(Z. 5)=0 S(m(FTjem(i))
S i XHWXA h 23ep  O2jets  Yes 203 |FA 420 GeV mE ) muf’», 1)=0, sleptons decoupled | 1403.5294,1402.7029
mgﬂm,m hobbWW[tTlyy €HY 02b  Yes 203 |EE 250 GeV. i ).mM». m«,m.a slepions decoupled 150107110
A, B o 4o 0 Yes 203 | Wiy 620 GeV' 1405.5086
Direct ¥} ¥ prod., long-lived ¥ ~ Disapp. trtk 1 jet Yes 203 |& 270 GeV mmmuﬁ, )= /707 )=t 1310.3675
B g Stable,stopped ¢ R-hadron 4 15lets  Yes 279 | 832 GeV. m(E})-100 GeV, 10 ps<r®)<1000 s 18106584
=5 StablegRhadron trk - ERRRCRR ) 1.27TeV 14116795
2T GMsB, stavle 7, ¥ -7z, ey 12K - - 191 & 537 GeV. 10<tang<50 14116795
8 2 GMSB, ¥/—G, long-lived ¥ 2y - Yes 203 |&} 435 GeV. 2<r(¥1)<3 ns, SPS8 model 1409.5542
33, %1 ~>qqu (RPV) 1p,displ vix - - 203 |@ 1.0TeV. 1.5 <cr<156 mm, BR(:)=1, m(¥})=108GeV | ATLAS-CONF-2013-062
LFV ppsve + X.9re + 1t 2ep - - 46 Mdm A 12121272
= Bvlvnear APV GMSSM 2eu(88) 03  Yes 203 |aiE 1.35TeV i@, riop < 1404.2500
a VW B —eev,, v, dep - Yes 203 |% 750 GeV. m()>0.2xm(E7), 412 £0 1405.5086.
(s B oW M, ers.  3eu+t < Yes 203 |& 450 GeV mE)>02xmE), A0 1405 5086
o 67jets - 208 |& 916 GeV. BR(1=BR(5)=BR(c)=0% ATLAS-CONF-2013-091
i, i1 s 2eu(S9) 03 Yes 203 | 850 GeV
Other Scalar charm, z—ci} Yes 203 |& 490 GeV. I m(E})<200GeV 150101325
=8TeV -1
G 1 Wass sale (1

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.
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LO1(e)) x2 stopped gluino (cloud)
LQ1(e)+LQ1(v) stopped stop (cloud)

LQ2() x2 HSCP gluino (cloud) -Li
LQ2(u)+LQ2(v)) Leptoquarks HSCP stop (cloud) Long .leed
prog
LQ3(vb) x2 q=2/3e HSCP Particles
LQ3(tb) x2 =36 HSCP
LQ3(tt) x2

chargino, ctau>100ns, AMSB

Smme'}_%ﬁ"&';‘f) neutralino, ctau=25cm, ECAL time
Single LQ2 (A=1) 0 1 2 3 4 Tev
0 1 2 3 4 Tev J+MET, vector DM=100 GeV, A
5 J+MET, axial-vector DM=100 GeV, A
RS1(W), k=0.1 RS Grov”‘ons j+MET, scalar DM=100 GeV, A
RS1(ee,p), k=0.1 V+MET, vector DM=100 GeV, A Dark Matter
RS1(j), k=0.1 V+MET, axial-vector DM=100 GeV, A

RS1(WW—4j), k=0.1 1+MET, €=+1, SI/SD DM=100 GeV, A

3 4 Tev I+MET, €=-1, SI/SD DM=100 GeV, A

CMS Prellmlnary +MET, £=0, SI/SD DM=100 GeV, A

SSM Z'(t1) )
SSM Z'(j) ADD (y+MET), nED=4, MD |8
SSM Z'(bb) = ADD (i+MET), nED=4, MD
SSM Z'(ee)+Z'(up)
SSM W'(j)
SSM W'(lv)
ERAGUA\Z4nd [y PSS | QBH (j). nED=4, MD=4 ToV
SSM W'(WZ—vAj) | Jet Extinction Scale
3 4 Tev String Scale (j)
Excited
e (M=A) q )
o (M=N) Fermlon du__ets, A+ LL/RR
g* (qg) dijets, A- LL/RR
g*(@vy) dimuons, A+ LLIM

dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A HnCM

b*

coloron(jj)

coloron(4j) MU”’Ijef single p, A HnCM
gluino(3)) inclusive jets, A+
gluino(jjb) Resononces inclusive jets, A-

01234567 8 910111213141516171819 TeV

CMS Exotica Physics Group Summary — Moriond, 2015
EFT A. Pich - 2015 10




Energy Scale

Fields

Effective Theory

Anp ~ TeV T, lh, €, Vj
t,b,c,s,d,u
------- Energy Gap ----- | --------o
HW,Z,~,.g
MW T, s €,V
t,b,c,s,d,u

EFT

Sny Pn; Vi, An, Fi
HW.Zv.g

A. Pich - 2015

Underlying Dynamics

Standard Model
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Effective Field Theory

(0)
Lor = L& + 33 5= 0P

D>4 i

e Most general Lagrangian with the SM gauge symmetries
e Light (m < Ayp) fields only
e The SM Lagrangian corresponds to D =4

o ci(D) contain information on the underlying dynamics:

2

Ly =g (Gr"q) Xy = M—X)2< (37" au) (quyuar)

e Options for H(126):

— SU(2),. doublet (SM)
— Scalar singlet
— Additional light scalars

EFT A. Pich - 2015



Higgs Mechanism:

Gauge invariance

Massless W=, Z (spin 1)

3 x 2 polarizations =

6

EFT

A. Pich

2015
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Higgs Mechanism:

Gauge invariance

Massless W=, Z (spin 1)
3 x 2 polarizations = 6

+

3 Goldstones ;(x)

SSB l

Massive Wi, V4

3 x 3 polarizations = 9

EFT

A. Pich

2015

3 additional degrees of freedom ¢;(x)
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Higgs Mechanism: 3 additional degrees of freedom ;(x)

Gauge invariance
Massless W=, Z (spin 1)
3 X 2 polarizations = 6

+

3 Goldstones ;(x)

SSB l

Massive Wi, V4

3 x 3 polarizations = 9

Spontaneous Symmetry Breaking

Lo = (D, ) DEd — 12T — A (0T d)>

,u2<0

EFT
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Higgs Mechanism:

3 additional degrees of freedom ¢;(x)

Gauge invariance

Massless W=, Z (spin 1)

6

3 x 2 polarizations

+

3 Goldstones ;(x)

SSB l

Massive Wi, V4

3 x 3 polarizations 9

Spontaneous Symmetry Breaking

Lo = (D, ) DEd — 12T — A (0T d)>

,u2<0

o(x) = exp{ig- 20} & [v+(l)-l(x)]

Du® = (8, +4gdW,+4e Bu)o V= —p?/x

(D, @) DrO — M2, Wiwr 4 M2 7,70

Mw = Mz cosby = %gv

EFT

A. Pich - 2015 13
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o0 o
= < =
r=eo = (% %)

v2

2
Lo = (D,®)'D'o— ) <|<|>|2 — ?>

A

1 " 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

EFT A.Pich - 2015



Custodial soee- (%)
Symmetry

2\ 2
Lo = (D,L¢)TD“¢—>\(|<D|2—V?>

1 " A 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl

EFT A. Pich - 2015



Custodial sowa- (54
Sym metry u@) = oo {iz- 2}

L (v H) U@)

< |6

v2

2
Lo = (D,®)'D'o— ) (|<|>|2 - ?>

1 " A 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

- V;Tr[(D“U)TDNU} + O(H/v)

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl

EFT A. Pich - 2015 14



Custodial o= (%%) = e

1

Symmetry ) = o {17}

<

v2

2
Lo = (D,®)'D'o— ) (|<|>|2 - ?>

- %Tr [(D*%)ID, %] — % (Tr [ZT5] — v?)

- V;Tr[(D“U)TDNU} + O(H/v)

2

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl

Same Goldstone Lagrangian as QCD pions:
fr = v g WEZ

EFT A. Pich - 2015
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EFFECTIVE LAGRANGIAN:

EFT A. Pich - 2015

LU) =) Lo

n
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@,q},10) (QCD), ® (SM) =  U;(¢) = {exp(i7-F/f)};

EFT A. Pich - 2015 15



EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2

e SU(2)L ®SU(2)g invariant

U = g Ugg ; 8, € SUQ2),r
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

01@d,10) (QCD), & (SM) =  Uy(d) = {exp(i7-5/F)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2

e SU(2)L ®SU(2)g invariant

U = g Ugg ; 8 € SUQ2)Lr

f2 Derivative

Lr = o T (9.t 0v)

Coupling

EFT A. Pich - 2015 15



EFFECTIVE LAGRANGIAN:

EFT

Goldstone Bosons

Expansion in powers of momenta

Parity == even dimension

SU(2)L ® SU(2)r invariant

U i gLUgg

&, « S SU(2)L7R

Ly =

%2 T (9,0 0"U)

<@ derivatives

UUt =1 wae 2n>2

Derivative
Coupling

Goldstones become free at zero momenta

A. Pich - 2015

LU) =) Lo

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};

15



Goldstone Electroweak Effective Theory

2
@ _ 1 & s 1 s sV
Liw *?< w W) — 282 (B B") + " (D*UTD,U)
. 1,0 o+
U(‘P)—exp{ﬁ‘b} ¢zi5¢< V2 ' t O)
v V2 e —5¢
DHU = dHU—iWHU+iUBH* , prut = arut +iutwe —iBrut , (A) = Tr(A)

Wi — omWr — v — e, W] BM — 9MBY — 0¥ BF — i[B*, BY]



Goldstone Electroweak Effective Theory

2
(2 _ 1 1 Ay 1 A Ruv v Wt
’CEVV - 72g2 <WLLV > - 2g/2 <B,LWB >+ T <D U DHU>
1 .0 T
I\/2 1 B ¥
Ule) = exp{ifb} , 6= —gg=| V° .
v V2 o7 5
DHU = dHU—iWHU+iUBH* , prut = arut +iutwe —iBrut , (A) = Tr(A)
WHY = 9R WY — oY W — i WH, W] : BM — 9MBY — 0¥ B" — i[B", B]

SU(2)L ® SU(2)r — SU(2)1+r Symmetry:  U(p) — g U(y) g},

We — gl VT/“gZ +ig Of’gz , Br — gr é“g; +igr Of’g;




Goldstone Electroweak Effective Theory

@~ Loy ey - L g gy Y peuip,u)
EW — 2g2 2% 2g'2 2% 4 e
1 0 T
i\/2 7 P ¥
Ulp) = exp{iq’} ; ¢ = Lﬁ'@ = 10
v V2 o7 5
DHU = dHU—iWHU+iUBH* , prut = arut +iutwe —iBrut , (A) = Tr(A)
WHY = oR WY — a¥ WH — i [WH, W] , BrY = 9HB” — 9vB* — i[B*, BY]

SU(2)L ® SU(2)r — SU(2)L+r Symmetry:  U(p) — g U(y) gh

We — gl W“g[ +ig Of’gz , Br — gr é“g; +igr Of’g,'g,

SM Symmetry Breaking: Wr = —%5’-|/|7“ , BH = —%/ o3 B¥

EFT A. Pich - 2015 16




Electroweak Symmetry Breaking

2 u=1 L2= My V‘/JW”JF%M%Z#Z“
Lr = TTr(D#UT Dry) ==
My = Mgz cosby = %gv

DHU = 9*U — i WHU +i U B* , DHUt = orUt 4+ i UtWH — j Brut

~ — ~ ’
Wh = —£5.-WH , Bt = —% g3 B*  (explicit symmetry breaking)

EFT A. Pich - 2015
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Electroweak Symmetry Breaking

2 v=1 L2= Mj V‘/JW”JF%M%Z#Z“
Lr = TT]f(DﬂuT Dry) ==
Mw = Mgz cosfy = %gv

DHU = 9*U — i WHU +i U B* , DHUt = orUt 4+ i UtWH — j Brut

~ — ~ ’
Wh = —£5.-WH , Bt = —% g3 B*  (explicit symmetry breaking)

e EW Goldstones are responsible for My, z (not the Higgs!)
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Electroweak Symmetry Breaking

2 v=1 Lo= M V‘/JW”JF%M%Z#Z“
Lr = TT]f(DﬂuT Dry) ==
My = Mgz cosby = %gv

DHU = 9*U — i WHU +i U B* , DHUt = orUt 4+ i UtWH — j Brut

~ — ~ ’
Wh = —£5.-WH , Bt = —% g3 B*  (explicit symmetry breaking)

e EW Goldstones are responsible for My, z (not the Higgs!)

1
e QCD pions also generate small W, Z masses: .My = 5 gfr

EFT A. Pich - 2015 17



Goldstone interactions are determined by the underlying symmetry

V2 _ 1

I<auufaﬂu> = dup ot + Eaugaoa“npo
s g () () 2 (P ) (5
- o(¢)

EFT A. Pich - 2015 18



Goldstone interactions are determined by the underlying symmetry

V;@U*aﬂw = G 0" % PRI
+ ga {0 8ae7) (¢ 8m7) 2 (P07 (v 5))
- o)
SN
. T (oo™ = otp) = s;t

EFT A. Pich - 2015 "



Goldstone interactions are determined by the underlying symmetry

VTZ(&#UW“W = Oup o + %augaoa“npo
A R I G R R G A ICR )
- o)
\\; 5:1
\\ I' - - + t
l.\ T(SO+SO _>SO+SO ):sv2
Non-Linear Lagrangian: 20 = 2p, 4p .-+ related

EFT A. Pich - 2015 18



Equivalence Theorem

we we Cornwall-Levin—Tiktopoulos
Vayonakis
W W Lee—Quigg—Thacker

_ _ s+t My
T(Ww, - ww) = —5 o(%>
- - M
= T(eTe™ = ¢Te7) + O(%)

The scattering amplitude grows with energy
Goldstone dynamics <@  derivative interactions

Tree-level violation of unitarity

EFT A. Pich - 2015
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Longitudinal Polarizations

k“:<k0,0,0,|l?|) — eg(E):MiW <\E\,O.,O,k°> = M—“+o



Longitudinal Polarizations

. - 1 - k+ Mw
b= (kO k) = —— 0) — - -
k (k ,o,o,|k|) - (R =5 (\k|,0.,0,k) i +o< T
o ivel T(W W, — W,tw, 2 JKl*
ne naively expects (WrW - WW) ~ g M—ﬁv

EFT A. Pich - 2015
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ki = (ko,o,o, |E|)

Longitudinal Polarizations

One naively expects

= (0= 5 (K.0.0.4) =

w* wt
w W

T(WW, — Wirw))

s+t
v2

o

T(eTe™ = 9Tp7) + 0 (M—\/VEV>

Mw
NG

Gauge

Cancelation

)

EFT

A. Pich - 2015
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Wrw, — Wi
e T el Y

To 1 sit s t? _ M?, s n t
M2 s—M,  t—MZ[ T v | s—-MZ ' t—M?

Higgs-exchange exactly cancels the O(s, t) terms in the SM

EFT A. Pich - 2015
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Wrw, — Wi

B S S A

To 1 sit s t? _ M2, s n t
M2 s—M,  t—MZ[ T v | s—-MZ ' t—M?

Higgs-exchange exactly cancels the O(s, t) terms in the SM

2M? 1 [t M?

2 ~ H ~ __"H

When s> Mj , Tom =~ - , a0 = 3o- [ldcosﬁ Tom =~ o3
U n itarity: Lee—Quigg—Thacker

|ao| <1 —) My < Vv8mv 2/3 ~ 1 TeV
~—

W+HW—,ZZ HH

EFT A. Pich - 2015 21



What happens in QCD?

EFT

QCD satisfies unitarity (it is a renormalizable theory)

e Pion scattering unitarized by exchanges of resonances
(composite objects):

— P-wave (J = 1) unitarized by p exchange

— S-wave (J = 0) unitarized by o exchange

The o meson is the QCD equivalent of the SM Higgs

BUT, the o is an ‘effective’ object generated through
7 rescattering (summation of pion loops)

Does not seem to work this way in the EW case, but ...

A. Pich - 2015
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Higher-Order Goldstone Interactions

14
4 . .
555\2\/‘ = Z a; O; (Appelquist, Longhitano)
CP—even
i=0
Op = V2 (T V)2
01 = (U B, UTWH) Os = i (UB, UT [V, VY))
O3 = i (W [V#, V"]) O4 = (Vu Vi) (VFVY)
Os = (V, V#)? Op = 4(Vu Vo) (TLVH) (TLVY)
O7 = 4(V,VH) (T V) Og = (TL Wy )?
O = =2(T  Wyuw) (T, [VF, V¥]) O10 =16 {(TL Vi) (TLVi)}
On = (D V*)?) O = 4(T DD, V*) (T VH)
013 =2(T D, V)2 Oq = —2i e™P7 (W V) (T Vi)
Vu=D,UUT | DuVu =08,V —i[Wu, Vo], (Vu, DuVe, T1) — g1 (Vu, DuVa, T1) g/
P _ o > — e
Symmetry breaking: T =U% Ut ) B, = —g % Buw

EFT A. Pich - 2015 23



Low-Energy Effective Theory == Power Counting

¢ Momentum expansion: N ~ 4nv, My
_ B)"
Aé;An(A

e U~O(p°) . DLU W, B,~O0O(p')

e A general connected diagram with N, vertices of O(p?) and
L Goldstone loops has a power dimension:

D=2L+2+) Ng(d—2)
d

==» Finite number of divergences / counterterms

EFT A. Pich - 2015 24



NLO Predictions

° dzzv)v at one loop: Unitarity
Non-local (logarithmic) dependences unambiguously predicted

. E(E‘t,)v at tree level: Local (polynomic) amplitude

Short-distance information encoded in the a; couplings

Loop divergences reabsorbed through renormalized a;

D—4
g Vi |24
2 =W+ %7 |2oD

+ log (4m) — e

EFT A. Pich - 2015 25



4 = a;/(167)% for different limits of the SM

My — oo My pr — 00 M — o0
N —38" [log (Mn/n) — 3] 0 %%?
& —L1og (Mn /1) + & -3 3 log (Me/i) = 4
4 — 15 log (Mu /1) + 145 —2 3log (M: /1) — 3
33 15 log (Mu/n) — 24 2 3
5 8 tog (M /1) — 5 : lo& (Me/u) — §
ED 2’;/,2’2:2 + 35 log (Mu/n) — B + 25 3 ~log (Me/u) + &
N 0 0 —log (M:/p) + 5
5 0 0 log (M:/n) — %
35 0 0 log (M:/p) — %
5 0 0 log (M /1) — &
a0 0 0 _6%
an - _% _%
s 0 3
a3 - 0 i
Ein 0 0 3




Decoupling: Appelquist—Carazzone

The low-energy effects of heavy particles are either suppressed by inverse
powers of the heavy masses, or they get absorbed into renormalizations of
the couplings and fields of the EFT obtained by removing the heavy particles

SM: MW:M2COSQW:%gV , My=+v2A\v | Mf:\%yfv

e Decoupling occurs when v — oo, keeping the couplings fixed

GF: g2 :LHO

V2 8M? 2v2
w

e There is no decoupling if some M; — oo, keeping v = 246 GeV

(g7 )\7 yYf — OC)

EFT A. Pich - 2015
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Equations of Motion == Redundant Operators

Equivalent to field redefinitions which only affect higher-order terms

For massless fermions: O (TLVH) =0 : D,V¥ =0

Oun =012 =0

O3 = —E BuB"™ + 01 — O4 + 05 — Og + O7 + O

EFT A. Pich - 2015 28



Equations of Motion == Redundant Operators

Equivalent to field redefinitions which only affect higher-order terms

For massless fermions: O (TLVH) =0 : D,V¥ =0

Oun =012 =0

O3 = —E BuB"™ + 01 — O4 + 05 — Og + O7 + O

Heavy top: Oq1 = 8/\/!4 m; { Eyst)’ — 4 Z diitr) (Erdjt) thVrT'}

EFT A. Pich - 2015 28



EFT

Unitary Gauge: u=1

All invariants reduce to polynomials of gauge fields

Bilinear terms: Oq, O1, Og, O11, O15, O13

= Oblique corrections

(Ar, Ap, Ak < S, T, U)

Trilinear terms: 0», O3, Og, O14
Quartic terms: Oy, Os, Og, O7, O19
011 ~ mf (’QZ_)’QZ))(QZ’QZ)) Zf_)b, BO—BO, EK -

A. Pich

- 2015 29



A7 = 0 9%) = A(s, t,u) 6ap Scq + At S, 1) bac Opg + AU, t,5) Gaq Ope

s 4
Alstu) = — + — [ai(0) (£ + ) + 235(n) 7]
1 5. 2, 1 22 —t
— = (¢ — (s? -3¢ log ( —
T {9 + ( LHERRETIS u’) log {
1, 5 5 —u 1, —s
+E(s—t—3u)log Z —3s log P
. Vi |2nt , _ 1 1
aj ai () + 6:2 | a—Dp © log (47) — '}E:| Ya o = o,
A. Pich - 2015 30
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QOa(,Ob N (chod

v2 t H
£:7<DHU D,U) [1+2a—+b
v

N N2

[

-

+ Higgs (tree + 1-loop) contributions

H2
v2

}

Espriu—-Mescia—Yencho, Delgado—Dobado-Llanes-Estrada

s 2 r 2 2 r 2
A(s, t,u) = ¥ (1-2a%) + ¥ [34(/1) (" +u )+2a5(;4)5]
+— {1 (142" — 102> —182°h+9b° +5) s> + B 1-2a") (P + %)
16m2v2 | 9 18
1 4 2 2 2 2 —s
— =~ (2a"—2a"—2ab+b"+1)s" log | —
2 12
1 —t —
+ = (1-2a%)? [(s2 —3t2 — %) log (—) +(s* = £* = 30%) log (_u)]}
12 MZ MZ
v = —3 (1—a%)? 5 = —%& (2+5a" —4a> —6a°h+3b7)
EFT A.Pich - 2015 31




a b-) cpd R N NN, N4
Pp” — P

+ Higgs (tree + 1-loop) contributions

2 H H2
C = VT(D”UTDHU) [1+2a—+b }
v

v2
Espriu—-Mescia—Yencho, Delgado—Dobado-Llanes-Estrada

Als,t,u) = % (1-a%) + % [210) (& + v + 23 (1) &

1 4 2 2 2 2 13 202 2 |2
m{6(14a—103—183b+9b +5)s +E(l—a)(t +u’)
1 4 2 2 2 2 —S
75(22 —2a —2ab+b +1)s log|—
%
1 —t -
+ o (1—a%)? [(s2 —3t2 — %) log (—2> +(s* = £* = 30%) log (—:)]}
1% 1%

5 = —%& (2+5a" —4a> —6a°h+3b7)

N d4q = as = 0 » A(5> t, U) ~ O(M,%,/Vz)

A. Pich - 2015 31




Yukawa Couplings

Ly = —v {OL U(p) [?u Py + Ya 73,} Qr + LLU@)YePys Lr + h.c.}

o=(4) = (%)

Ulp) - aU@)g . @ —»aQ , Qr —grQr , P:r — grPegh

EFT A. Pich - 2015
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Yukawa Couplings

Ly = —v {OL U(p) [?UP++% 73,} Qr + LLU@)YePys Lr + h.c.}

- () (1)

Ulp) - aU@)g . @ —»aQ , Qr —grQr , P:r — grPegh

Symmetry Breaking: Py = 3 (L +o3)
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Yukawa Couplings

Ly = —v {OL U(p) [?UP++% 73,} Qr + LLU@)YePys Lr + h.c.}

o=(4) = (%)

Ulp) - aU@)g . @ —»aQ , Qr —grQr , P:r — grPegh

Symmetry Breaking: Py = 3 (L +o3)

A

Flavour Structure: Y, q 3 x 3 matrices in flavour space

EFT A. Pich - 2015 32



NLO Operators

Buchalla—Cata

Oysi2 = QP UQr (D, UTD*U)

QuP1UQR (VyuPor) (VHT)

Oyss
Oys7 = LLP_ULg (D, UTD"U)

Oyso = L PoULR (V, Pro) (V*T))

Oy11 = Qo™ PraUQr (Vi Par) (VY T1)
Oyr34 = Quot” PLUQR (V. Pro) (Vi Pa)

Oyt = Lio™ P_ULg (V,, P12} (Vi Pa)

Opvi =i Quy" QL (VuTL) Oyve =i Q" TLQL (V. TyL) Oyvs = i Q" Pr2Qu (V. Pa)
Oyva =i Ggy" ur (Vu T1) Oyvs = idgy"dr (V. T1) Oyve = i gy dg (V,.Pa)
Opvr =i Liy" Ly (V. TL) Oyvs = i Ly" Tl (V, Ty) Oyvo = Liy* Pioly (V,Por)
Oyvio = Lry"r (VL T1) Ol,m OLV&

Oyssa = QP UQr (V, T1)°
Oyss = QuPQr (VuPr) (VHT)

Oyss = LiP_ULg (V" T.)?

Oy12 = Qo™ PriUQr (V. Pr2) (VY T))

Oyrs = Lo ProULg (VPo) (VY TL)

V, =D,UuU"

EFT A. Pich

~ 014 +
Pro=U—2 U

5 912 4 5 +
Pu=ULLU By =UPLU
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NLO Operators

(cont.)

Buchalla—Cata

Oue= Q" TLQL Quvp TLQL
Ouo= Q" TQu Ly, Ti Ly
Oe = Q" QL Livy, TiLy

Os = Ly Tily Ly Tily

Orrio = Quy" TLQL GrVuur
Orria = Gry"ur Ly Ti Ly

Orrie = Quyv" TL QL Lrryutr

Osts = QuP, UQr QLP_UQr

Osto = QuP, UQg LLP_ULg

Osti1 = Quo*PLUQg Loy, P ULg

Ofya = Qut*P_UQr Qut’P_UQg

Ory1 = QLP. UQr QP UQR
Ofys = QLP_UQr QrUTP. QL

Ofye = LiP_ULg QrUTP. Qr

Our = Q" TQL Quv, QL
Oun = Q" T.QL Livuly
O = Q"' Tily Liv, T QL

Ouie = Liy" Tily Lyl
Orri2 = Quy" TLQu dryudr
Orris = dry"dr Ly, Ti Ly
Orri7 = Liv" TiLy Cryutr
Oste = QuP2 UQr QLP12UQR

Ost10 = QuP21UQr Ly ProULg

OFys = QLP_UQr QP UQr
OFyr = QLP_UQr L P_ULg

Opy1o = LiP_ULg L[, P_ULg

Ous = Grav" TLQus Qusvu TLQLa
Oo = Quav" T Qs Qusvu Qe

Opa = Q" TiLy Liva Qo

Orrit = QU T QL Gry,t’ur
Orriz = QY TLQL dryut’dr

Orris = Quy" TiLL Cryudr

Ost7 = éLtals+ UQr QLta/s, UQr

Osts = Qut? P21 UQr Qut’ PoUQR

Osti2 = Quo™*PrUQg Lioy, PraULg

Ofys = Quo*"P_UQg Lio P ULg

Ofy2 = Qut°P. UQr Qut*P, UQr
Ofve = QLEP_UQr Qrt®UTP. Q,

Opyn = LiP_UQr QrUTP. L,

EFT

A. Pich -
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Including a Light (singlet) Higgs in the EWET

Let us assume that h(126) is an SU(2),,r scalar singlet

All Higgsless operators can be multiplied by an arbitrary function of h:

In addition, the LO Lagrangian should include the scalar potential:

V(h) = v* ; ) (é)

EFT A. Pich - 2015 35



Plus operators with derivatives (9,h): Fx = Fx(h)

,hd"h " hd"h 8,,h 8" h)?
Opr = —(Vu V') ——— Fpr Ops = —(VuVo) ——5— Fos Opu1 = ¥ Fp11
Vv Vv Vv
. 9vh 8,ho" h
Ops = —(TLVu Vi) (TLV") -2 Fog Ops = —(TLVu)(TLV") == 5— Fpo
O"h ¥ h . 9, h"h
Op1o = —(TLVu)(TL V) —Q0 Fp1o Oysig = LiP_ULgr IT Fysis
. o h . o h
Oysio = —i QP UQr (T, V”>T Fys10 Oysin = —i QP_UQr(T.V,) ” Fysu
. . o h . i o*h
Oysiz = —i QuP12UQg (P21 Vyu) - Fys12 Oysiz = —i QuP21UQr (P12Vy) - Fys13
. 8,hO"h - 9,h"h
Oysia = QLPUQR “T Fys1a Oysis = QLP-UQr 'T Fysis
5 o+ . . 9 h
Oysie = —iLiP_ULr (T Vy) ” Fysi6 Oysir = —i L P1ULg (P21Vy) - Fys17
. L Oh . W O%h
Oy17 = —i Qo PLUQR (T VH) ” Fy17 Oy1s = —i Qo P-UQr (T V") ” FyTs
. L 9vh . . 0%h
Oyt = —i QLo P21UQR (P12 VH) » Fyro Oy110 = —i QLo PraUQR (P V) » Fy 110
o o 0h o N
Oyr11 = —i Lo, PoULR (T V") Fyr11 Oyt12 = —i Loy, ProULg (P V) ” FyT12
Buchalla—Cata—Krause
EFT A. Pich 2015 36




Linear Realization:  SU(2). @ U(1)y

Assumes that H(126) and $ combine into an SU(2), doublet:

o = (ZJ;):%(V—%H)U(@)(?)

The SM Lagrangian is the low-energy effective theory with D =4

(D)
C:
Leg = Lsm + ZZ /\b—‘* o?)

D>4 i

e 1 operator with D = 5: o) = ZLCTDCTDTLf (violates L by 2 units)
Weinberg
. 6 . .
¢ 59 independent (9,( ) preserving B and L (for 1 generation)
Buchmuller-Wyler, Grzadkowski—Iskrzynski—Misiak—Rosiek
« 5 independent 0\ violating B and L (for 1 generation)

Weinberg, Wilczek-Zee, Abbott-Wise,
EFT A. Pich - 2015 37



D =6 Operators (other than 4-fermion ones)

Grzadkowski—Iskrzynski-Misiak—Rosiek

X? @5 and D2 FErS

Oc | FABCGAGEP G || 0 (o103 0o (@70) (ber)

Og | FABCGAGEPGEH || Oy (o1 0) 0 (¢T0) O (610) (G0 )

Ow |’ WIWPwWi || Oop | (#TDEO)* (0TD,0) || Oyo (®76) (G50, ®)

Ow K W}iu WDJp W;(“

X292 VXD 202D

Oos | @10 GAGH | Ou | (horve)row), || o) | (@B, ®)Grmi)
Osc ofo G, cAm Oes (lbo*er) ® By o) (q>Jr,'B‘i &) ('~ 1,)
Osw ot wi, winv Ouc | (Goo™ TAu,) ® Gh || Ove (o1 D,, ®) (87" er)
Ouiy | @1 WLW' | Oy | (@0 ur) 7' Wi, || Oy | (971 D ) (3" ar)
Oos 1o By, B Ous | (@™ ur) ® By (9‘(»3; (‘DTiB,i ) (Gp7'v*qr)
Ous | @10 BB | Ouc | @0 Tha) @G, || Ou | (@115, @) @)
Oows | ®frlo Wi, Bu || O | (oo dr) 'O WL, || Ouy (¢'JfIDH ) (Gt dh)
O | ®IT'O W B || Ogs | (30"dr) 9By || Ovua | i(PTDL®) (o7 dr)
AT =l v s e I dR e = e D = r'Du — Dur! p. r = generation indices




D = 6 Four-Fermion Operators

Grzadkowski—Iskrzynski-Misiak—Rosiek

(LL) (LL) (RR) (RR) (LL)(RR)
Oy Uovpule) (e 1) Oee (Borper) (B er) O (v lh) By er)
O | @@ @y a) | Ow | @ovuu) @y u) || O | Gyl (@™ ue)
O | @vu'a) @ 'a) || Oua | (drud) (dsv¥de) || O | (pvule) (dor" )
o) (pvuh) (@7 ar) O | (Borvper) (B ur) Ope | (@pvnar) (87" er)
O | Byt 1) @ 7'qe) || Oea | (Bovner) ([@erde) || OF | (Govuar) Gy ue)
O | (Bpyuur) (deyde) || OF) | (Gprv TAar) (s Tue)
O8) | (v Tup) (dey TAde) || OU) | (@pve@r) (doy* o)
O | (@ Tar) (doy" Tdr)
(LR) (RL) and (LR) (LR) B-violating
Oledq (Ber) (dsql) Ouuq P ey [(d)T Cuf] [(g2%) T CIf]
oN | (@u) e (@d) || Oga 2P ey [(q59)T Caf*] [(u7)T Cet]
O | (@ T ur) e (@ Tde) || O, P <jezmn [(a57)T Caf*] [(a7™)7 CIf]
Olgu | (Beej(@u) | O, 87 (rle)j (r'e)mn [(a5)T CaP¥] [(a7™)T CIf]
Ogu (Bouve) e (Giat ue) || Odu P [(de)T Cuf'] [(u?)T Cer]
g=q , /=1 ,u=ug,d=dg, e=eg , p, r,s, t = generation indices



Equivalent Bases of CP-even Operators

(EW bosons only)

Willenbrock-Zhang

BW

HISZ

_ UK \plv e KR
Ow = W wirw!

Owww = Tr [W,,, WP W]

Oow = dTd W), W'

Oww = T W, W o

Oop = dT® B, B*

Ops = @B, B &

GGPR
Osw = % & €anc Wi Wfp Weer
Ops = g |H|? B, BMY

Oows = dTa'® WLVB‘W

Opw = ¢TB,, Wt o

Ow = (D ®) W" (D, ®)

Onw = ig (D" H)To?(D"H) W},

v

Op = (D, ®)TB" (D, ®)

Oug = ig/ (D" H)T (DY H)B,..

Opw = Tr([D”, W, ,J[D", WVP])

Oy = —% (D* WZV)Z

2
Ops = =55 (9,B,,)(9"B"")

O =—13 (8" B, )?

pv

Ow = % (H'e"BrH) DY W2
7

Op = 8 (H BrH) 07 B,

Oop = (¢TD*0)* (&TD,

)

O 1 = (D, o) 00T (DH)

Or = L (H BrHy

Opry = (©T0) (1 (¢70)

Os2 = 1 0. (0T0) 0" (0TD)

On = 3 (9" |HPY:

Op = (¢T0)3

Op 3 =1 (070)°

O = A |H[®

0o 4 = (D, )T (DH) (¢TD)

BW = Buchmuller-Wyler, Grzadkowski et al.

HISZ = Hagiwara et al.

GGPR = Giudice et al.




Anomalous Triple Gauge Couplings

£WWV = _IgWWV {gi/ (WL;«FUW?“VV - WJWfl“’VV)
+ —\/HV )\\/ + —vpy\ /1
+nr, W, W,V +M—2VVHVW v,
w
8wy = €=gcosby , gy, =8cosby , Kk, =1+Akr, |, gi/ = 1+Agi/
Relevant operators: Ow, Oows, 0 (BW)

Owww, Ow, Og, Osw, Opw  (HISZ)
Osw, Ouw, Oug, Oaw, Ow, O (GGPR)

D = 6 Relations: Ay = A, ; Agi = Ak, +tan® 0y Ak,

EFT A. Pich - 2015 41




Anomalous Triple Gauge Couplings

f'
HISZ baSiS: E T — n On Corbett—Eboli-Gonzalez-Fraile-Gonzélez-Garcia
€ /\2
n
3g>Mjy g v
Ay A, = A2 fww ) Ary = 8A2 (fw +fB)
2 2 2 2
_ &V 2 z gv
Arz = 8A2 (fw —tan"fw fB) ’ A = 8cos2 N2 W
2 Famcy e
03 7( ’ ) Higgs data:  (90% CL)
oz b —0.047 < Ag{ <0.089 , —0.19 < Ak, < 0.099
01 [ =»  —0.019 < Ak, <0.083
°r Combined:  (90% CL)
e —0.005 < Agf <0.040 , —0.058 < Ar~ < 0.047
-0z i =>  0.004 < A, < 0.040
P ATASWZ— ]
0301 05 0 008 o1 015 LEP, DO, ATLAS assume Ay = A, =0
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Global Fit to £0=% ..

GGPR basis:

_ 1 N 2)2
Oy = i (0 Ig\ ) Ops = g2 |H>B,., B*
Or = 5 (H'DLH)? Occ = g2 IHPGA, GAwv

— 6 .
Os = A|H| . Onw = ig (D*H)fo?(DY H)WZ,,
Ow = & (H6? D H)D, Warv Onp = ig/ (D*H)T (DY H) By

. <~

Op = & (HI D, H)d, BH Osw = 31 8 cane Wi¥ W, WePH

Oy, = yu|H|?Q.Hugr + h.c. Oy, = yq |H2QuHdg + h.c. | Oy, = ye |H]2L, Heg + h.c.

<~ <~ _ <~
Of =i (H' D, H)(@r" ug) Of =i (H' DuH)(dry*dr) | Of =i (HT D . H)(&r7"er)
<~ —
O] =i (H"D . H)(Quv" Q)
<~ —
0¥ = i(H'o7 D, H)(QLo*v" QL)

O(L3L) " = (Quo®yuQu) (Lo®y™Ly) O(L3L)I = (Lo®y#Ly) (Leo?vyuly)




Pomarol-Riva

1D

LEP-1 + SLC + KLOE (CKM univ) + pp — |

0.025

—-0.005 0.000 0.005

-0.010

—— All other O; set to zero

include Of + 0"

——— without KLOE

— All

<
<
—_
@
[§;
A_I_
=
S
2
o
Il
H>
&
T
O
& [9)
= )
o i
—_ o
eCR_2v 4> &
4 G
_ +
o s
23
S g §
= R
[D( B
o + <
+ s
—_
Q S|y
[9) ci >
+ o+
W o
=
o
S 3
o
+a]ax T
c_ O BN
G
T+
Ov’ o~
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Pomarol-Riva

LEP-Il + H — Z~ (LHCQ) H — VV, ff (LHC)
(95% CL) ! 3
ovTE ] | = | 1KGG
v’ — } } 3 3
Kuv t 3 3== i : — 3 1KBB
Z0.10 =005 000 005 ~0.002 -0.001 0000 0001  0.002
— All ., —— Allother O; set to zero cy and ¢y, effects constrained to be below 50% of SM

n _ _
K e, +r Kaw
AlLrge = B (Onw + Oup) + Y5 04 + == Osw
my, 2my, my,
_ CH Syf C6 KBB KGG cy, — Kypy
ALHiggs—?OH+f72 ?OYf+?O6+M7a/OBB+M75VOGG+W07
=t,b,T
O+ = (Ow — O) £ (Ouw — Oug) , Oww = 40_ 4+ Ogp , Hﬁv = 3(knw £ kuB)
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Which symmetry keeps My away from Anp ?

Quantum Stability

Vectors/fermions
protected by

gauge/chiral symmetries

Proposed Solutions

SUSY / Composite Higss

EFT

A. Pomarol
SIMPLICITY
falls
under
quantum
fluctuations!

stable stable unstable
“Vector” “fermion” “scalar”

s=1 s=1/2 s=0

No spin,
no “structure” to keep it light

1) Keep the Higgs elementary, but protect it by
symmetries: Supersymmetry

Higss (boson) <«—— Higssino (fermion)
2) The Higgs is not elementary: Composite Higgs

Higss made of fermions

(as a pion in strong interactions)

A. Pich - 2015
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Spin, Mass & Degrees of Freedom

J=1 =1 =0
2 d.o.f. 2d.of. | 1d.o.f.
M=0
Trans. Pol. o
3 d.o.f. 4 d.of. | 1d.o.f.
M0
Trans & Long. | ¥, YR

Vector (2 # 3) and fermion masses are safe (2 # 4)

Scalar masses not protected (continuous m — 0 limit)

EFT A. Pich - 2015



Higgs Self-energy:  The top is the largest SM contribution

6M2H stabilized through new-physics contributions

e SUSY: stop loops

e Composite Higgs: fermionic top partners

EFT A. Pich - 2015
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A(LEP)
A(SLD)

0b
Arg

My

LHC average

" 143254

-95

3g*45

-24

628
—=——503 ;53

7

1251+

6 10 20

10%2x10? 10°
M, [GeV]

Favoured by

EW precision tests

EFT

0.2

A. Pich

Ax?

M,, [GeV]

L B B A B
4.5
I sM fit with M, measurement
4 SMTtwio M,
3.5 [_HBH ATLAS measurement [arXiv:1406.3827)

CMS measurement [arXiv:1407.0558]

60 70 80 90 100 110 120 130 140
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v = (V2Gr) ? = 246 GeV

2
My = (125.00 +0.24) GeV ~ wad ) = % =013

2 2 2V2Yt2 2 2/ 2
MZ = 2v2A\(n) + ) [2A+3 (A = y?) log (m7/p?)] + - --

vt =+V2me/v =1
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Vacuum Stability: )\(A) 2 0 Degrassi et al, 1205.6497, 1307.3536

EFT

Higgs quartic coupling A

=M

0.08[ 30 bands in
M, =173.1 £ 0.6 GeV (gray)
a3(Mz) = 0.1184 + 0.0007(red)
0.06 - M, =125.7 £ 03 GeV (blue)

Top pole mass M, in GeV
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s
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Vacuum Stability:

30 bands in
M, =173.1 £ 0.6 GeV (gray)
a3(My) = 01184 = 0.0007(red)
M, = 1257 %03 GeV (blue)
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EFT
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Custodial Symmetry Breaking: EABM = —g' %8B,

B

N N

V2 o

2 1
VHEDNUUT:iTD“d)—i—--- : TLEU2UT , TiTe =7 h

(VuT VETL) = (VT (VETL) — % (VL VIV (TLTy)

1

= (VuTi) (VAT =

(VuV")

» Oo = V2 <V# TL> <V“ TL>
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Soasob — SOCCPdi

e Isospin:

o Partial Waves:

Ao(s, t,u) = 3A(s, t,u) + A(t,s, u) + A(u, t,s)
A1($7 t, u) = A(tvsv u) _A(u7 t7$)
Ax(s, t,u) = A(t,s,u)+ A(u, t,s)

1 +1
Ay(s) = el dcosf Py(cos0) A(s, t,u)
641
o(s) = —~ > @+1) (20 +1) |AyP
1,J

s s [101  64x2 25 s
A = 1 — 7af+11al)— = log ( — i
o(s) = 572 { tlon2v? |36 (Ta; +1135) — 75 log (,ﬂ) +'7r} + }
s s [1 5, o LT
Ai(s) = 96mv2 {1+ 162,72 _6 + 647° (ay _235)+16:| +}
—s s [ 91 256m2 10 s ™
A = 1 - 2254+ at)+ —log =) —i~|+--
0(s) = 352 { tlontvz |36 3 (AT )+ g loe (;ﬂ) '2} + }
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Power Counting

¢ Momentum expansion: N ~ 47v, My

Ty ()
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Power Counting

¢ Momentum expansion: N ~ 47v, My
p\"
T-2T(3)
n
e Loop Expansion: A generic L-loop diagram D scales as
(yv)u(gv)m+2r+2x+u+z pd 'FL X v ) B h H
D~ VFL+Fr—2—2w AeL ¢ 1/) (;) v

d_2L+2——(FL+FR) V—v—m—-2r—2x—u—z—2w

Buchalla—Cata—Krause
# external fields:  F; = F,} + FL2 , Fr= F,,% + FI%‘ , B, H , V (X, = gauge boson)
Hettices:  m=Xym (Xug) , r= e 0Cef) , w(3) , x (X)), wz=X,we (h)

v=v (Bvek) + Sepm (Dveh®)  z=zi+2r (bavaXu, A=LR)
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Too many operators/couplings

EFT A. Pich

m—-

2015

Further input needed

56



Too many operators/couplings —) Further input needed

e Weak coupling: g, <1
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Too many operators/couplings —

¢ Weak coupling:

e Strong coupling:

EFT

g, <1

g, ~4rm =N, /f

A. Pich - 2015

Further input needed

m—-

Fx(h/f)
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Too many operators/couplings —

¢ Weak coupling:

e Strong coupling:

o VvKf —p

EFT

g, <1

g, ~4rm =N, /f

2

§

"4
7o

A. Pich - 2015

Further input needed

—- Fx(h/f)
c)(<n) = 5)(<n) ¢n?
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Shifts of SM parameters:

t V2 2 C¢ t 3
V(H) = A(ofo - = fﬁ(d)dJ)

EFT A. Pich

- 2015
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Shifts of SM parameters: Y

V(H) = ,\<¢*¢— V;) i‘;’ (CDTCD) -y, =

Canonical Normalization: H— ci*H |, 5 = (

EFT A. Pich - 2015

1
Com — 7 C®D)

A2

57



Shifts of SM parameters: £ =% % O

2\ 2 3 2
V(H) = A <¢*¢— V?) Co (CDTCD) - o = (1+ % %) v

Y
. . 4 4 1 2
Canonical Normalization: H—c"H |, 5" = (Cq,g -7 C®D) %
2 2 3Cy v kin
» MH=2)\VT(1——2)\ ﬁ—i_zCH
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Shifts of SM parameters: £ =% % O

2\ 2 3 2
V(H) = A <¢*¢— V?) Co (CDTCD) - o = (1+ % %) v

Y
. . 4 4 1 2
Canonical Normalization: H—c"H |, 5" = (Cq,g -7 C®D) %
Co V2 ;
— M = 2av2 (1—32—;’%+2c1:,“‘)
Flavour: V¢ o Ms ,
V. Vv
M = —Z ([Yu]. - — [C
M, = 25 (0, - g7 [Grol,)

L= QY 0ds+ == X
DA = o M, (1+ ") — 75 [Grol
fls = v, flrs H A2 f®lrs
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Shifts of SM parameters: L =Y 50

2\ 2 2
C 3
Vi) = a(ofo—5) — 22 (sl0)’  m v - (10525

. . 4 4 1 2
Canonical Normalization: H—c"H |, 5" = (Cq,g -7 C®D) %
2 2 3Cs V2 kin
» MH:2)\VT(1—KE+2CH
Flavour: V¢ o Ms

M, = 22 (1), - 2 (Gl

L=-Q[Yd, Cdz+--- == )
DA = o M, (1+ ") — 75 [Grol
frs*vT flrs H A2 f®lrs

2 1
=R <2 [C‘S;)} ee +2 [C‘S)} 12753 n [C”} re,ep B [C”} e;hue)

A. Pich - 2015
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. . D=6 Z G
Gauge Flelds- E((;ﬁ ) == —é O, Alonso et al
i
v2 2 2
g =g (1+C=% g=g|14+ Cow % g =g |1+ Coc T
A2 ’ A2 ’ A2
_ =/ v2 =12
tan Oy = gg-i- ﬁ (1— gg_z) Cown
2 2 o4
My = F&g . Mzp=-T@+&%)+;5{@ +&") Coo+428 Cows}
_ Y H 52 +El2 72
& =gsinfy{1l—cotby —= C , 8z = = = 1 L C
gs W{ Wopz ~owB £z sin By cos Oy + 288’ N2 oW
=272 o2
g°Ms 2=
= =1 C
P E%Ma/ + oaz Cep
A.Pich - 2015 58

EFT




Renormalization Group Equations

Corrections

,
S
PN

.
.o
C
.,
Loo &, @,
1 \ 1 |
' 1
al
N

Yii A
Z DG G(n) =GN - > s G Iog<;)

Anomalous Dimensions: ol
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Complete 59 x 59 matrix computed in the BW basis:

v~ O(1,8% 0y, 8% 8°X, 8%y*, N, 0%, %, g% g% ), g°))

Anomalous Dimensions

gy

Jenkins et al.

g2x3 HO H*D? 2 X2H? P H gy 2 XH »2H?D o
g3 x3 g2 0 0 1 0 0 0 0
H6 g6>\ Ang’yZ g47g2>\’>\2 g6’g4)\ )\yZ’y4 0 )\y27y4 0
H4 D2 gﬁ 0 g27 A, y2 g4 y? g?y? g? R y? 0
22 X2H? | gt 0 1 g2 N,y 0 y? 1 0

yp?H? | g® 0 g Ay g IO N Y-S - WL W
gyu‘)2XH g4 0 0 g2 1 g2, y2 1 1
,(’3;2 H2D g6 0 g2,y g4 y2 g2y2 g2’ >\’ }/2 }/2

U‘A gﬁ 0 0 0 0 g?y? gZ’ y? gZ’ y2

(x?H?, x*H?) submatrix computed in the HISZ basis

A submatrix computed in the GGPR basis

EFT

A. Pich -

2015

Chen—-Dawson-Zhang

J. Elias-Miro et al.
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Oblique Corrections (NLO)

2

2 2 2
4 - My 4 2 My
6r 0~ TR {CBW(“’HW [ G+ tan’ O Co [1—2 log <,T)]}

- 2
gsinbw oV ¢, (HISZ basis)

Mebane et al., Chen—-Dawson-Zhang

Tree-level

G,
=TV

Bounds

Caw _
=(Tev?)
A2
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