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Don Quixote and the Windmills

Hutlldine

N
» ‘* .
!j( "‘_ ’ Look, your worship, it's

just the spectrum of the

Standard Model
Massive & dark SUSY
states show up through
a hidden portal from a
warped dimension

a S
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LQ1(ej) x2 stopped gluino (cloud)
LQ1(ej)+LQ1(v)) stopped stop (cloud)

LQ2(uj) x2 HSCP gluino (cloud)
LQ2(ui)+LQ2(v) Leptoquark HSCP stop (cloud)
LQ3(vb) x2 q=2/3e HSCP

LQ3(tb) x2 q=3e HSCP

LQ3(tt) x2 neutralino, ctau=25cm, ECAL time
LQ3(vt) x2

0 1 2 3 4 j+MET, SI DM=100 GeV, A

RS1(yy), k=0.1 j+MET, SD DM=100 GeV, A

RS1(ee, (uvaj} k=0.1 y+MET, S| DM=100 GeV, A

RS1(j), y+MET, SD DM=100 GeV, A
1 4)), k=0. ,
RO oo +1, SD DM=100 GeV, A

° .1 2 1+MET, £=-1, SI DM=100 GeV, A
CMS Preliminary 1+MET, E=-1, 5D DM=100 Ge\. A
SSM Z'(t1) : )
SSM Z'(j) ADD (yy), nED=4, MS
SSM Z'(bb) = ), X
SSM Z'(ee)+Z'(up) : i 3 , i
SSM W'(j ) Mo
SsM W'(I({g Y QBH, nED=4, MD=4TeV i
SSM W'(WZ—Ivll) - ' NR BH, nED=4, MD=4TeV |}
SSM W'(WZ—4j) ) Jet Extinction Scale [l
String Scale (j)
Excited
z m:ﬁ; Fermions dijets, A+ LL/RR
* (ag) . dijets, A- LL/RR
2., (23) dimuons, A+ LLIM
b* dimuons, A- LLIM
dielectrons, A+ LLIM
dimuons, A- LLIM
coloron(jj) x2 » single ¢, A HnCM
coloron(4j) x2 MU”’I]ef single y, A H\CM
gluino(3j) x2 inclusive jets, A+
gluino(jjb) x2 | Resononces inclusive jets, A-

o
N

CMS Exotica Physics Group Summary — ICHEP, 2014
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Energy Scale Fields Effective Theory

5”7 Pn; Vn; AI’H Fn
HW.,Z~g
T, lh, €, Vj
t,b,c,s,d,u

Anp ~ TeV Underlying Dynamics

HW,Z g
Mw T, [ty €, Vj Standard Model
t,b,c,s,d,u
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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
. _ g _
Lo =g @ "q) Xy = M—Xg(qw“qL)(quqL)
X

e Options for H(126):

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

Gauge invariance

Massless W=, Z (spin 1)

3 x 2 polarizations = 6
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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
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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
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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

(D, @) DrO — M2, Wiwr 4 M2 7,70

Mw = Mz cosby = %gv

EWET A. Pich
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EWET

o0 o
= < =
r=eo = (% %)

2\ 2
Lo — (D,L¢)TD“¢—>\<|¢|2—V?>

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

EWET A. Pich - Annecy 2014 7



Custodial sz = (0 %) = G uE)
Symmetry ) = w0 i )

< |6

v2

2
Lo = (D,®)'D'o— ) (|<|>|2 - ?>

A

= %Tr [(D*%)ID, %] — 7 (Tr [£15] —v?)°

- V;Tr[(D“U)TDNU} + O(H/v)

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

Same Goldstone Lagrangian as QCD pions:
fr = v g WEZ
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EFFECTIVE LAGRANGIAN: LU) =" Lo

n
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@,q},10) (QCD), ® (SM) =  U;(¢) = {exp(i7-F/f)};
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

01,4, 10) (QCD), & (SM) md  Uj(6) = {exp(i7-5/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 5 Ut o Derivative
L2 = 4 Tr( U U) Coupling
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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

f2 5 Ut o Derivative
L2 = 4 Tr( U U) Coupling

Goldstones become free at zero momenta

EWET A. Pich - Annecy 2014 8



Electroweak Symmetry Breaking

L2 U=1 £2:I\/I§VWJW“+%/\/I§ZHZ“
Ly = = T (DU DY) =
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Electroweak Symmetry Breaking

L2 U=1 £2:I\/I§VWJW“+%I\/I§ZHZ“
Ly = = T (DU DY) =

Mw = Mz cosby = %gv

D'U = o"U— iWrU+iUB" | prUt = oruUt iUt W — i BrUT
Whv — 3”W”78”W”71'[W”,W”] 7 Brv — auél'781'éu7,‘[éu’é”]
WH = —£ & W , B* = —%/ o3 B (explicit symmetry breaking)
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Electroweak Symmetry Breaking
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e EW Goldstones are responsible for My, z (not the Higgs!)
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Electroweak Symmetry Breaking

L2 U=1 £2:I\/I§VWJW“+%/\/I§ZHZ“
Ly = = T (DU DY) =

Mw = Mz cosby = %gv

D'U = o"U— iWrU+iUB" | prUt = oruUt iUt W — i BrUT
Whv — 3”W”78”W”71'[W”,W”] 7 Brv — auél'781'éu7,‘[éu’é”]
WH = —£ & W , B* = —%/ o3 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 = 3 gfr

EWET A. Pich - Annecy 2014 9




Goldstone interactions are determined by the underlying symmetry

V2 _ 1

I<auufaﬂu> = dup ot + Eaugaoa“npo
s g () () 2 (P ) (5
- o(¢)
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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
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Goldstone interactions are determined by the underlying symmetry

2
_ 1
%r<auufaﬂu> = Oup 0" + 50w

+
6 4
+ O(@/v)
N .
Y 4
N 4
A Y 4
N 7
°
7 N
4 N
4 A Y
4 A Y
7 PR Y
¥ ¥

Non-Linear Lagrangian:

EWET

(B ) (50 w2 () (50

20 = 2p, 4p .-+ related

A. Pich - Annecy 2014 10



Equivalence Theorem

w+ w+ 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

EWET A. Pich - Annecy 2014
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Longitudinal Polarizations

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



Longitudinal Polarizations

. L1 ki M
n— (kO BK) = —— 0y — £ Zw
k (k ,o,o,|k|) - (R =5 (\k|,0.,0,k ) et o( T
o ivel T(W W, — W,tw, 2 JKl*
ne naively expects (WrW - WW) ~ g M—ﬁv

EWET A. Pich - Annecy 2014
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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))

t
- +o(

v2

Mw
s

Gauge

Cancelation

)

T(eTe™ = 9Tp7) + 0 <M—\/V§V>

EWET

A. Pich - Annecy 2014
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Wrw, — Wi

B S S A

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

EWET A. Pich - Annecy 2014
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Wrw, — Wi

B S S A

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

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

EWET A. Pich - Annecy 2014 13



What happens in QCD?

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 ...

EWET A. Pich - Annecy 2014
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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

EWET A. Pich - Annecy 2014 15



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;

i 2 P

1672 | 4—D

ai = aj(p)+ + log (47) — e

EWET A. Pich - Annecy 2014 16



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

My — oo Myr 1 — 00 Mi — oo
30 —2g"” [log (M /p) — 5] 0 %%?
& —~L1og (Mn /1) + & -3 3 log (Me/i) = 4
5 % log (My/p) + 2% = 3 log (M:/u) = 3
a3 15 log (Mu/ 1) — 1y 2 :
é § 108 (Mu/4) — 3 : o8 (Me/u) = §
35 27/,2’2:2 + 35 log (Mu/p) — B + %5 3 ~loa (Me/1) + &
36 0 0 —log (M¢/p) + &
5 0 0 log (M:/p) — 53
35 0 0 log (M:/p) — %
4 0 0 log (M:/p) — 53
a0 0 0 _6%
an - _% _%
a2 - 0 _%
an - 0 i
E 0 0 3




EWET

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

—  Annecy 2014 18



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 52 2, 1 o 2_ 2 —t
— = (¢ — (s? -3¢ log ( —
T {9 + ( ORETIC u’) log {
1, 5 5 —u 1, —s
+E(s—t—3u)log Z —3s log P
o v [2utt , _ ! ot
ai ai () + 1672 4—D +|Og(47‘r)7'}5:| a 1 Y5 = o2

EWET
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QOa(,Ob N (chod

v2 t H
ﬁ:T(D”U 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) = ﬁ(l—a)—t- ¥ [34(/1) (t +u)+2a5(;4)s]
+— {l(l4a4—1032—1832b+9b2+5) 2413 1-2a") (P + %)
16722 19 18
1 4 2 2 2 2 —s
— =~ (2a"—2a"—2ab+b"+1)s" log | —
2 u?
1 2\2 2 2 2 —t 2 2 2 —u
+—=1=-a) |(s"=3t—u)log| — |+ (s"—t —3u) log | —
12 2 2
Y = — (1—a?)? 5 = —%& (2+5a" —4a> —6a°h+3b7)
EWET A. Pich - Annecy 2014 20




a b-) cpd R N NN, N4
Pp” — P

+ Higgs (tree + 1-loop) contributions

2 H H2
L= 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)

EWET A. Pich -  Annecy 2014 20




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

EWET A. Pich - Annecy 2014
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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++% P,} Qr + LLU@)YePys Lr + h.c.}

o=(4) = (%)

Ulp) - aU@)g . @ —»aQ , Qr —grQr , P:r — grPegh
Symmetry Breaking: Py = 3 (L +o3)
Flavour Structure: ?u,d,é 3 x 3 matrices in flavour space

EWET A. Pich - Annecy 2014 21



NLO Operators

Buchalla—Cata

Opvi =i Quy" QL (VuTL)
Ow\/‘; = I'L_IR’)/MUR <V‘L TL>
Opvr =i Liy" Ly (V. TL)

Oyvio = Lry"r (VL T1) OLW

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)

Oyva =i Quy" TLQL (Vu T1)
Oyvs = i dgy"dr (V. T1)

Oyvs =i Liy* TiLy (V,u T1)

Oypvs =i Q" PraQr (VyuPor)
vaﬁ = I'l_lR’deR <Vu'521>
Oyvo = Liy* Pioly (V,Por)

T
Oyve

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"

EWET A. Pich

~ 014 +
Pro=U—2 U

5 912 4 5 +
Pu=ULLU By =UPLU

—  Annecy 2014 22




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,

EWET

A. Pich -

Annecy 2014
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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)

EWET A. Pich - Annecy 2014 24



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 i Oh . L 0%h
Oyr11 = —iliou, P-ULR (T V") Fyri1 Oyt12 = —i Loy, ProULg (P V) ” FyT12
Buchalla—Cata—Krause
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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,
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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 | 1710 WhBH || Ogw | (@0 d) PO WL, || Ovg | (915D, ) (dpr"dy)
O | ®IT'O W B || Ogs | (30"dr) 9By || Ovua | i(PTDL®) (o7 dr)

q=q,

I=1 , u=ug, d=dg,

e =eR

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

GGPR

_ UK \plv e KR
Ow = W wirw!

Owww = Tr [W,,, WP W]

1 b
O3 = & g eape W2 WP Wern

Oow = dTd W), W'

Oww = T W, W o

Oop = dT® B, B*

Ops = @B, B &

OBB — g/2 |H‘2 BHVB}LU

Oows = dTa'® WLVB‘W

Opw = ¢TB,, Wt o

Ow = (D ®) W" (D, ®)

O = ig (D' H)T (DY H) W3,

Op = (D, ®)TB" (D, ®)

Ous = ig'(D*H) (D" H)B,.,

Opw = Tr([D”, W, ,J[D", WVP])

Oy = —% (D* W:W)Z

12
Ops = =55 (9,B,,)(9"B"")

O = —3 (8" B, )?

pv

Ow = £ (H " BrH) D" W?
Op = & (HB"*H) 0" B,.,

Oop = (¢TD*0)* (¢TD,, d)

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

Or = L (HIDrHY

Ours = (910) D (019)

Opp = L0, (0T0) 0" (0TD)

On = 3 (9" |HPY:

Op = (¢T0)3

Op 3 =1 (070)°

Op = 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

Loy = —i 8wy {gi/ (WJV W=V — WJ w=r VU)
WEWs Ve £ N ey e
+r, W, W, Tz W o }
w
gy = €=gcosbyw , gy, = 8gcosby , kK, =1+Ak, |, gi/ = 1+Ag¥
Relevant operators: Ow, Oows, 0 (BW)

OWWW7 OW, OB7 OBW, ODW (HISZ)
Osw, Onw, Oug, Oow, Ow, Op (GGPR)

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

f,
HISZ basis: Eeff == E /\_n2 On Corbett—Eboli-Gonzilez-Fraile-Gonzalez-Garcia
n
3g*Miy gV
Ay = A, = N2 foww ) Ary = BAZ (fy +15)
2 2 2.2
_ &V 2 z _ gV
Arz = 8A2 <fw — tan” Ow fB) ’ Mg = 8cos2 N2 W
2 Famec ‘
S o 7( “ct) Higgs data:  (90% CL)
oz b —0.047 < Agf <0.089 , —0.19 < Ak < 0.099
o1 [ =»  —0.019 < Ak, <0.083
°r Combined:  (90% CL)
b —0.005 < Agf <0.040 , —0.058 < Ar~ < 0.047
ezE i =»  _0.004 < Ak, < 0.040
b NS
-0.1 -0.05 0 0.05 0.1 0.15 LEP, DO, ATLAS assume )\n,, = )\Z =0
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Global Fit to 2%

GGPR basis:

eff

Op = 3 (0" [H|?)?

_1omts e
O7 = L(HI D ,H)
Op = A|HI|®

Opg = g% |HI?By, BH
Occ = &2 |H]?G}}, GAmv
Onw = ig (D*H)To?(D¥ H)W,,

. <

Ow = % (Hfo? D, H)D, Warv Onp = ig/ (D*H)' (DY H) By
. <>

Op = & (H' D, H)a, B

1
Osw = 4 g eape WY WE,Wern

Oy, = yu|H?2Q Hug + h.c.

Oy, = yq |H?QLHdg + h.c.| Oy, = ye |H|?L; Her + h.c.

<
Of = i (H' D . H)(8r"" uR)
g -
Of = i (H1 B, H)( Qi7" Q1)
0(3)57_ ; T a<_) o
Y =i(H'0?D,H)(QLov* QL)

<~ _ <~
Of = i(H' D H)(dry*dR) | Of = i (H' D i H)(&r7"er)

O(L3L) " = (Quo®vuQu) (Lo®y*Ly)

DI =
O(LL) = (Lpo®y* L) (Lro?vyuly)




Pomarol-Riva

1D

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

33

0.025
(cw =+ cB)

+
v

C,

—— All other O; set to zero

LL

0(3) ql

e
R

e
‘R

v2

(3)al

CiL
V2

Annecy 2014

"+
+

d
R

include Of + 0"
3

o

O

d
R

v2

3)1

CiL

v2

R+
A. Pich

0.005

u
R

v2

0.000
(Ow + OB) +

O(LS) a4

——— without KLOE

—-0.005

-0.010

— All

EWET



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

+ _ _
K c, +K K3w
ALrge = Y (Opw + Opp) + 5 O + =7 Oz
my, 2my, my,
_ CH Syf C6 KBB KGG cy, — Kypy
ALHiggs—?OH+f72 ?OYf+?O6+M7a/OBB+M75VOGG+W07
=t,b, T
Or = (Ow — Og) £ (Onw — Ong) , Oww = 40_ + Opg s Hﬁv = 3(knw £ kuB)
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WW Scattering @ LHC

Berryhill
q q q q q q
. . we \qjﬂ W w
First evidence of ,
W:W# scatterin (3-60) R
g w* /'/43" w* wE
q ¢ 4 ¢ 7
ATLAS, arxiv:1405.6241
ATLAS SM 6}8$=0.95 + 0.06 [fb] - oM 19410 (8 TeV) - d to4 i (8 Tev)
20.3 fo", =8 TeV MO, POHHEG £01, G110 5 [ 0aa @ Nompompt s 8 Non-prompt
ele! 2 Wrong sign 2 Wrong sign
04410440 [fb] g ]
e & &
1.3106-0.25(fb]
o
1.7+0.8=0.15 [fb]
Ce
13+0.4+0.2]fb]
s 0 o5 s !

pp - W'W*

confidence intervals
687 CL
[M95% CL

— expected 95% CL
[ x Standard Model

K-matrix unitarization

L L I I
-04 -03 -02 -0.1 0

I I L
01 02 03 04

400 500
m, (GeV)
CMS (preliminary) 19.4 15" (8 TeV)
— - Expected 95% CL

— Observed 95% CL.

100 200
Fey/A* (TeV?)

1500

2000
m, (GeV)

CMS-PAS-SMP-13-015

A. Pich

Theory Highlights & Outlook




EWET

Strongly-Coupled Scenarios

Symmetry Breaking: SU(2); ® SU(2)r — SU(2)1+r
Goldstone Dynamics =» Electroweak Effective Theory
Strong Electroweak Dynamics =» Heavy Resonances

Many possibilities: Technicolour, Walking Technicolour,
Conformal Technicolour, CFT, 5D ...

Light Scalar Resonance S;(125)
=» Pseudo-Goldstone (composite) Higgs, Dilaton ...
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Strongly-Coupled Scenarios

e Symmetry Breaking: SU(2); ® SU(2)r — SU(2)1+r
e Goldstone Dynamics =» Electroweak Effective Theory
e Strong Electroweak Dynamics =» Heavy Resonances

e Many possibilities: Technicolour, Walking Technicolour,
Conformal Technicolour, CFT, 5D ...

e Light Scalar Resonance S;(125)
=» Pseudo-Goldstone (composite) Higgs, Dilaton ...

v & 2w F F, -
_ Y o liprnt vom v A v SA g . vy
Lot = - Te[(0* ) D, U] (1+ . 51)+2\/§ Tt [V }+2ﬁ Te [ A 7] + 534 0451 Te [Auu ] +
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Strongly-Coupled Scenarios

e Symmetry Breaking: SU(2); ® SU(2)r — SU(2)1+r
e Goldstone Dynamics =» Electroweak Effective Theory
e Strong Electroweak Dynamics =» Heavy Resonances

e Many possibilities: Technicolour, Walking Technicolour,
Conformal Technicolour, CFT, 5D ...

e Light Scalar Resonance S;(125)
=» Pseudo-Goldstone (composite) Higgs, Dilaton ...

2
v & 2w F F, -
- wypt Vo " A wv SA qp e . v
Legr = ” lr{(D U) D“U] (1+ - 51) + —2\/5 “{VWQ } + lr{AW,f ] + AT 0N S Tr [AW/U } +

2v/2
1 SM
w=ky =kKkz =a= V1—v2/F2 MCHM4, MCHM5
v2/F2 Dilaton
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Resonance Effective Theory

e Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. ..

e The low-energy constants (LECs) of the Goldstone Lagrangian

contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

EWET A. Pich - Annecy 2014 37



Resonance Effective Theory

e Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. ..

e The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

® Build £_,(¢i, Rx) with the lightest Ry coupled to the ¢;
® Require a good UV behaviour ==  Low # of derivatives
© Match the two effective Lagrangians == LECs
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Resonance Effective Theory

e Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. ..

e The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

® Build £_,(¢i, Rx) with the lightest Ry coupled to the ¢;
® Require a good UV behaviour ==  Low # of derivatives
© Match the two effective Lagrangians == LECs

ThiS program WOI‘kS in QCD: RXT (Ecker—Gasser—Leutwyler—Pich—-de Rafael)

Good dynamical understanding at large N¢

EWET A. Pich - Annecy 2014 37



Gauge Boson Self-Energies: s, T

LO: Sensitive to vector and axial states Peskin-Takeuchi
/ F2 F2 ) 4mv? < M? >
V.A Vv A Vv
ANN——ANN Sto=4n | —&% — = | = 1+ — » My > My > 1.5 TeV
("/’2\/ M3 M, M3
NLO: Sensitive to the light scalar 51(125) AP, Rosell, Sanz-Cillero, 1212.6769
SN Voot N VooTN Y
VY M WV W Y My € [1.5, 6.0] TeV

A

N EIRE ST A AT A 0<w<1
O O O O

w= & [0.04, 1]

Enww (95% CL) o2
Mp =~ My > 4 TeV

Assumes a good UV behaviour as in ) s
asymptotically-free gauge theories 1t + 2nd WSRs
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EW Effective Theory Summary

EWET

Effective Field Theory: powerful low-energy tool

Mass Gap: E.m_ . < Anp

> Wight

Assumption: relevant symmetries (breakings) & light fields

Most general Leg (¢ allowed by symmetry

Iight)

Short-distance dynamics encoded in LECs

LECs constrained phenomenologically

Goal: get hints on the underlying fundamental dynamics

— New Physics
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Learning from QCD experience. EW problem more difficult

Fundamental Underlying Theory unknown

QCD ?

} t

Standard
xPT Model

Additional dynamical input (fresh ideas!) needed
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Status & Outlook

A new boson discovered

e H(125) behaves as the SM Higgs particle
e The SM appears to be the right theory at the EW scale

e New physics needed to explain many pending questions

Flavour, CP, baryogenesis, dark marrer, cosmology . ..

e How far is the Scale of New Physics Anp?

e Which symmetry keeps My away from Anp?
Supersymmetry, scale/conformal symmetry ...

e Which kind of New Physics?
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This, no doubt, Sancho, will be
a most mighty and perilous
adventure, in which it will be
needful for me to put forth all

my valour and resolution

Let your worship be
calm, senor. Maybe it's
all enchantment, like
the phantoms last night




Too many operators/couplings — Further input needed

e Weak coupling: g, <1

e Strong coupling: g, ~4r =A_./f — Fx(h/f)

2

e v f - ¢ ;— C = E g
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Short-Distance Conditions

e In asymptotically-free gauge theories:

=»  \Weinberg Sum Rules

(F—F2=v?

(UV Behaviour)

(W — AA) ~ 573 at s — o0

202 — F202
FVvaFAMA)

e Softer requirement valid in theories with non-trivial UV fixed points:

(W — AA) ~ 572 =

4v?
SLo > W
W= Gy /&, Very different
from the SM requires large

(unnatural) mass splitings

EWET A. Pich

15 WSR only

(assume still My < My,)

AP, Rosell, Sanz-Cillero, 1212.6769

68% CL

o 02< My/My<1
o 0.02< My/My <02 :

00l L L L
05 10 15 20 25 30 35

My (TeV)
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