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Great success of the Standard Model

SUR), ®U(l)y  v=246 Gev

)
1% Fundacidn M, cos@y, =M, =—-vg
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: July 2015 Vs=7,8TeV
Model &, T,Y Jets E'T"“‘ JLdnm™ Mass limit [ V5=7TeV  s=8TeV Reference
—_—
MSUGHAICMSSM 03e, )AIT 21 2- m ]QB/S b Yes 203 m(g)=m( 1507.05525
z qxb Gjets  Yes 203 m(E!)=0 GeV, m(1* gen. G)=m(2"* gen. G) 14057875
4, -4} (compressed) mono-jet e S Y 208 m(@)miE})<10GeV 1507.0525
% a3, G- aEL tv T 2ep(offz) 2jets  Yes 203 )m .v 150803290
@ Pw/{ 0 26jels  Yes 203 14057875
8 Otenu 26jols Yes 20 )<souaev =05 @) 1607.0525
O ;. qutmzv/wy/’ 2eu 03jets - 20 1501.03555
2 Guss ( NLSP) 127401 O02jets  Yes 203 1407.0603
2 GGM (bino NLSP) 2y - Yes 203 cr(NLSP)<0.1mm 1507.05493
®  GGM (higgsino-bino NLSP) k4 1h Yes 203 1<900 GV, cr(NLSP)<0.1 mm, u<0 1507.05493
= GGM (higgsino-bino NLSP) Y 2jets. Yes 203 1)<850 GeV, er(NLSP)<0.1 mm, >0 1507.05493
GGM (higgsino NLSP) 2eu(2)  2fets  Yes 203 M(NLSP)>430 GeV/ 1503.03290
Gravitino LSP 0 mono-jet  Yes 203 m(G)>1.8 x 107+ eV, m(g)=m(g)=1.5TeV 1502.01518
Sy 28 obhT 0 3b Yes 201 m(E})<400 GeV 1407.0600
gE gg, g—n‘D/‘ 0 7-10jels  Yes 203 1308.1841
x 0-tep 3b Yes 204 1407.0600
'S0 0-1 e 3b Yes 201 1407.0600
g Yes 20.1 1308.2631
2e4(SS) 03h  Yes 203 275440 GeV 14042500
3 i 12h  Yes 471203 I 230460 Gev. 1209.2102,1407.0583
4 026 02jelsi-2b Yes 203 T 210700Gev 1506.08616
§ 0 monodjetic-tag Yes  20.3 1407.0608.
5 g 2ep(@  1b Yes 203 S 150580GeV. 14035222
] Bep (2) 15 Yes 203 .~ 290-600 GeV mp\’])doﬂ GeV 1403.5222
2ep 0 Yes 203 m(E})-0 Gev 1403 5294
2ep 0 Yes 203 m(i)=0 GeV, (7. 7)=0. S(mp\";om()(]n 14035294
—v(Tv) 2r - Yes 203 m(E)=0 GeV, m(z, $)=0.5(m(F} }+m(¥?) 1407.0350
H S Ra—PLIL L), (7EL L) g Yes 203 )= mM) mMH: mi5)=0.5(m(E; yem(i?)) 14027029
WS mlowze 23equ  O2jets  Yes 203 m), . sleptons decoupled | 1403.5294, 14027029
0 -“/ﬂu’),’, hbb/WW/rtjyy €HY 02b  Yes 203 m) miE})=0, sleptons decoupled 1501.07110
3ol dep 0 Yes 203 mm).mwy. m(E})=0, (F, 7)=0.5(m(E3)+m(F?) 1405.5086.
GM (wino NLSP) weak prod. Teu+y - Yes 203 cr<imm 1507.05493
pmd long-lived ¥{  Disapp. Utk Tjet  Yes 203 ~160 MeV, r(f})=0.2 ns 13103675
. prod. long-lived ¥ dEfdxtrk - Yes 184 (1)~160 MeV, r(i1)<15 ns 1506.05332
8@ Stable, swpped  Rehadron 0 15jets  Yes 279 (=100 GeV, 10 us<r(?)<1000 s 1310.6584
S5 Stable z R-hadron trk - - te 14116795
i"E GMSB, stable 7, )/’ﬂ?(e Ayrieg) 14 2n - - 1e1 10<tans<s0 14116795
S GMSB, ¥]—G, long-lived ¥} - Yes 203 2<r(i1)<3 ns, SPSB model 1409.5542
gg‘Xﬂaf;‘//!uv/wv displ. ee/eu/w - - 203 1504.05162
GGM ZG displ. vix + jets - - 203 1504.05162
LRV ppsve + X, Veosepferjur  epetut - - 203 Hy =011, diayisazm=0.07 1508.04430
Bllmeal RPV. CMSSM 2e,u(SS) 0-3b Yes 203 m(G)=m(g), ctisp<1 mm 1404.2500
W) N seet,, et dep B Yes  20.3 miE)>0.2xm(i1), diz1#0 14055086
> Wi ,,)/,Lmbm, Bepu+t - Yes 203 1)>0.2xm(T}), Ay 14055086
a ¢ 6-7 jets. - 203 BR(1)=BR(b)=BR(c)=0% 1502.05686
= F-at), ¥ > a0 0 67jets - 203 m(it)=600 GeV 150205686
& i, f1-2bs 2eu(SS) 03b  Yes 203 1404.250
L fi—bs. 0 2jets+2b - 203 /ATLAS-CONF-2015-026
,. i fi—bt 2en 25 - 203 |4  0410Tev BR( —be1)>20% ATLAS-CONF-2015.015
Other Scalar charm, é—ct} 0 2¢ Yes 203 — ] m(¥})<200 GeV. 1501.01325
107! 1 Mass scale [TeV]
“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.
EWSB A. Pich - Scalars 2015 3



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
EWSB A. Pich -  Scalars 2015 4




Energy Scale Fields Effective Theory

SI'H PI'H VI‘H AI'H Fn
HW.,Z~g
T, lt, €, Vj
t,b,c,s,d,u

Anp ~ TeV Underlying Dynamics

HW.,Z, g
Mw T, I, €,V Standard Model
t,b,c,s,d,u

EWSB A. Pich - Scalars 2015



Effective Field Theory

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

Lar = 8@ a) X = g (@70 (@)

e Options for H(125):

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

EWSB A. Pich - Scalars 2015
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EWSB

®0* '
= < =
T = (9°,0) (_¢, ¢0>

2\ 2
Lo = (D,L¢)TD“¢—>\<|¢|2—V?>

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

A. Pich - Scalars 2015




Custodial o (%)
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

EWSB A. Pich -  Scalars 2015



L (v H) U(@)

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

< |6

N

2
Lo = (Do) Dro— ) (|<|>|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

EWSB A. Pich -  Scalars 2015



%5 (v+H) U@)

Custodial e (%%
Sym metry u@) = oo {152

< |6
——

N

2
Lo = (D,®) DFd— ) (|<|>|2 - %)

2

- %Tr [(D*%)ID, %] — % (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

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

EWSB A. Pich -  Scalars 2015



Goldstone Electroweak Effective Theory

2) L ey — L g 8my 4 (pruip,)
EW 2g2 pv 2g/2 (ol 4 H
1.0 +
iv2 1 ¥ ¥
U(p) = exps — @ , = —5¢@ =
v V2 o7~
DHU = 01U — iWFU + i UBH , prut = arut iutwe —iBrUT , (A) = Tr(A)
WHY = g — oY Wr — iR, W] BHY = MBY — oV BM — i[BM, BY]

SU(2). ® SU(2)r — SU(2)1+r Symmetry:  U(p) — g U(¥) gL

We — g Wegl +ig org) : Br — gr Brgh +igr0tgh

~

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

EWSB A. Pich - Scalars 2015 8




Bosonic
Appelquist-Bernard, Longhitano, Buchalla et al, Alonso et al, Pich et al. ..
O(p4) P-even bosonic operators (AP, Rosel, Santos, Sanz-Cillero)
= F (AL —E0) | Os = & (0uh)(9"h) (u,u”)
= %(f””flj;Jrff”fuj,} 07 = %( ) (O, h) (utu”)
O3 = (" uw]) | O = & (9, h)(@")(D, b h)
O = () (wu) Og = 1 (0,h) (7 u,)
Os = (uyut)?
U= = exp {53} s u, = iu(DNU)Tu = UZ s i = utWHYy £ u BHY Y

EWSB

Higher-Order Goldstone Interactions

Z]—' h/v)

Fi(h/v)

h n
-3 (5)

Custodial symmetry assumed

A. Pich

Scalars 2015



EW 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



EW 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, Ri) with the lightest Ry coupled to the ¢;
® Require a good UV behaviour ==  Low # of derivatives
©® Match the two effective Lagrangians == |ECs




EW 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, Ri) with the lightest Ry coupled to the ¢;
® Require a good UV behaviour ==  Low # of derivatives
©® Match the two effective Lagrangians == |ECs

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

Good dynamical understanding at large Nc



Coset Space Coordinates:

H

Cr-------

G/H

Canonical choice:

& (99) =& (@)T

u(p) — g u(p)

G ESU(Z)[_ (9 SU(Q)R — H ESU(Z)\/

5(90) = (fL(SO)va(‘p)) € G
() -5 g, &, (9) i (0, 8)

€nle) -5 g (@) hT (0. 8)

U(p) = £(9) L) -2 g U(v) g

G

h'(¢,g) = h(e,g)u(y)g!

8r
U(p) = u(¢)® = exp {75}
SU(2)y triplets: X = 1s2%x2 S, h(p,g) X h(p,g)f
VMX = 6HX + [rHaX] ' Me = %{”T(au —iWu)u + (8 — "BM)UT}
uy = iuD, UMy = uf, , 1Y = ot Wy + uBr ot
EWSB A. Pich

Scalars 2015 11



LO Resonance EW Lagrangian:

Pich—-Rosell-Santos—-Sanz-Cillero

Leg = Lewer + Z‘CR + ZACRR' + -
R R.R'

Heavy Triplets: V(1-7), A(1""), P(1"") ;  Heavy Singlet: S;(0"")

>t
R

Fy i Gy
22 22
Fa

+ = (ALY + V2 MR 0, h (A,
2\/§<M ) 1 Ouh( )

d
+ 7P Ouh (P u*) + % St (utuy) 4+ Aps, v S

U= =exp{idg} , u, = iu(D, V) u = “Z , 1 = ut WY e £ u Bt

4 v v
> Fw h (u"u,) + (Vi 1) + (Vi [u"u”])

Antisymmetric V,, and A,, fields (better UV properties):
1 v 1 v
Lxin = 2 Z <V>\R>\MVVR " > Mfze Ry R™)
R=V.A
EWSB A. Pich - Scalars 2015 12



R/Gy
Resonance . o
97 << Mya v
Exch
xchange Pt b e =
FV FV My
A F2
De® ®® -
FA FA M A
Pich, Rosell, Santos, Sanz-Cillero
Fi Fy Fi Fy Fv Gy
Fi= A - , Fa= ot . Fa=-
aVE a2 8VZ  BMZ 202,
G2 C2 G2 )\hA 2v2
7= aun S Y AT o m= 1/\/7)2
v 5 v A
_dp () _ _ FaM*v
f7’2M,2,+ M2 ’ Fe=0 Fo=- M2
EWSB A. Pich Scalars 2015
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Short-Distance Constraints

e Vector Form Factor: (p(p)e(P)|J10) = (p1 — p2)* FYu(5)
V F\/ G\/ S
@ Fl(s) =14 -5+ ——
§W< F, Gy “w(s) + v2 M2V —s
Jim FZ(s)=0 - Fv Gy = v2

EWSB A. Pich - Scalars 2015 14



Short-Distance Constraints

e Vector Form Factor: (e(p1)p(p2)|J410) = (p1 — p2)* FYo(s)
<lew< «ngaLGv< fgw(s):1+%ﬁ
Jim FY(s) =0 = Fv Gy = V2
e Axial Form Factor: (h(p)¢(p2)|J410) = (pr — p2)* F1.(5)
o o= A n ()
slngo ]:,f:,(s) =0 — FAMNA =k, v

EWSB A. Pich - Scalars 2015 14



Weinberg Sum Rules

Chiral Symmetry:

Mg(a) = [ d*x e (IT(J(x) Jr(0)N[0) = (—g""¢* + g"¢") Mir(q?) = 0



Weinberg Sum Rules

Chiral Symmetry:

Mg(a) = [ d*x e (IT(J(x) Jr(0)N[0) = (—g""¢* + g"¢") Mir(q?) = 0

OPE: 1%(q) # 0 only through order parameters of EWSB
(operators invariant under H but not under G)

EWSB A. Pich - Scalars 2015 15



Weinberg Sum Rules

Chiral Symmetry:

Mg(a) = [ d*x e (IT(J(x) Jr(0)N[0) = (—g""¢* + g"¢") Mir(q?) = 0

OPE: 1%(q) # 0 only through order parameters of EWSB
(operators invariant under H but not under G)

Asymptotically-Free Theories: lim s Mir(s)=0 (Bernard et al.)

S—00

EWSB A. Pich - Scalars 2015 15



Weinberg Sum Rules

Chiral Symmetry:

Mg(a) = [ d*x e (IT(J(x) Jr(0)N[0) = (—g""¢* + g"¢") Mir(q?) = 0

OPE: 1%(q) # 0 only through order parameters of EWSB
(operators invariant under H but not under G)

Asymptotically-Free Theories: lim s Mir(s)=0 (Bernard et al.)
S— 00
% /00 ds [ImMyy(s) — ImMaa(s)] = v° (1°* WSR)
—) 0
2 / T ds s [ImMyy(s) — ImMaa(s)] = 0 (2" WSR)
0

EWSB A. Pich - Scalars 2015 15



e WSRs @ LO: Mir(s) = V; LB R

My —s  Mi—s

e 15t WSR: FZ —F3 = v?

o 2" WSR: FZM;—FiM; = 0

7

s, Ma> M
M3 — M2 A v

EWSB A. Pich - Scalars 2015 16



e WSRs @ LO: Mir(s) = V; LB R

MZ —s M2 —s

e 15t WSR: FZ —F3 = v?

e 2 WSR: FZMZ-F2M3; =0

2 2 Mi 2 2 M2V
- 2=y L P2 =2V My > My
Mz — M, Mz — M3,
M2
[ J WSRS @ NLO: R, = ghs% = —‘2/ Pich—Rosell-Sanz-Cillero
ghww MA

EWSB A. Pich - Scalars 2015 16



e WSRs @ LO: Mir(s) = V; LB R

MZ —s M2 —s

e 15t WSR: FZ —F3 = v?

e 2 WSR: FZMZ-F2M3; =0

2 2 Mi 2 2 M2V
- 2=y L P2 =2V My > My
Mz — M, Mz — M3,
M2
[ J WSRS @ NLO: R, = ghs% = —‘2/ Pich—Rosell-Sanz-Cillero
ghww MA

1t WSR likely valid also in gauge theories with non-trivial UV fixed points

2"d WSR questionable (not valid) in walking (conformal) TC scenarios
Appelquist-Sannino, Orgogozo—Rychkov

EWSB A. Pich - Scalars 2015 16



Short-distance constraints bring sharper predictions

EWSB

Pich, Rosell, Santos, Sanz-Cillero

Fi Fo 2 (1 1
Fl —Az - Vz = —Z <_2 + ==
4M3 4My, 4 M, My
8M35 sMy, 8I\/IVI\/IA(I\/IA7MV)
_F\/G\/ — _ V2
E 2M2 - 2M2
T G2 _ (M3—M2)v?
4 Mz - 4MZ M3
= cs . G\z/ _ cﬁ . (Mf‘fM%/)v2
5 amiz  aMg amZ 4MZ M3
()\hA)2v2 . M2( )v
o —lmiz = —w
)\hA)2 2 d2 MZ (MZ_MZ )v2
JT_’7 2 + ( — P2 + viVia - %
I\/I A 2Mg M3
Fs 0
N2 _ FaMAy _ M2
o M3 Ma
A. Pich -  Scalars 2015
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A.P., Rosell, Santos, Sanz-Cillero, arXiv:1510.03114

2 2
ry = MY /M3

- - - kR =08
- = = Ry =009
- = = Ry =0.5

—— S, T constraints

2 4 6 8 10
My (TeV)

2 4 6 8
My (TeV)

EWSB

My (TeV)

10° (Fs+7%)

2 4 6 8 10
My (TeV)

5 10
Msi/cq

A. Pich - Scalars 2015

18



Gauge Boson Self-Energies @ LO

FZ F2
AP—EANAN SLO:47T(__> ) Tro =0
M M;

Sensitive to vector and axial states = Mp> My >15 TeV

Ma (TeV)
a

S==5oMy (TeV)

05 10 15 20, 25

- My (Tev)

30 bounds AP—-Rosell-Sanz-Cillero

2 2
[ lst+2nd WSR' SLO = 47‘-—\/ (1+ MV)

2 2
MV MA
st . 2 1 1 4mv2 42
e 1t WSR (M4 > My): s,{M_+<M_M_)} - M - ;;

EWSB A. Pich - Scalars 2015 19



Gauge Boson Self-Energies @ NLO

Sensitive to the light scalar h(125) AP, Rosell, Sanz-Cillero

T I N VY Y ‘ ‘

7 ‘ ‘ 7 ‘ 047/\4\/ € [1.5, 6.0] TeV|
AN T U T v T 0sry <1

G T
2

_ Esww MV 0 3

K = = —Z ¢ [094. 1] 04 02 00

Y g M s

My ~ My > 4 TeV (95% CL) 15t 2nd WSRs

EWSB A. Pich - Scalars 2015 20



A.P., Rosell, Santos, Sanz-Cillero, arXiv:1510.03114

2 2
ry = MY /M3

- - - kR =08
- = = Ry =009
- = = Ry =0.5

—— S, T constraints

2 4 6 8 10
My (TeV)

2 4 6 8
My (TeV)

EWSB

My (TeV)

10° (Fs+7%)

2 4 6 8 10
My (TeV)

5 10
Msi/cq

A. Pich - Scalars 2015
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EWSB

OUTLOOK

Effective Field Theory: powerful low-energy tool
Mass Gap: E,m, < Anp
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

A. Pich - Scalars 2015
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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

EWSB A. Pich - Scalars 2015 23






Gauge Boson Self-Energies @ NLO

Weaker assumptions: 1* WSRonly , Ma>My>04TeV

AP, Rosell, Sanz-Cillero

0.02< M g2
. i <O

ool v v v
0.5 10 15 20 25 30 35

My (TeV)

Ky = Soww/&o, Very different from one

requires large (unnatural) mass splittings



A New Higgs-Like Boson

H — ZZ* — 4¢ H — ~v~ H — ZZ* — 4¢

3 3 3 T e 070 TN s 511! Tew ous T T o
3 @ 35F ATLAS 4 om 3 cMs. } E asf T T T L Data‘
RN E - S 8 uof O S16+8)woghed um 3
£ et Lz ¢ o om
F by, Soi i [l Syt . z s Ao ° ok Wzx

) R - g 29 : 2 [zrzz

E ——— 3 - E o [maras cav

w 2 &

o) R

af 15 @ 4

af K 2 TR T I

&

200 } o ot subtracton
e
by [P
o MU R R
w0
R U 3 80 90 100 110120 130 140 150 160 170 T 080 100 120 140 160 180
my GeV] m, [GeV] m,, (GeV) m, (GeV)

My = (125.09 +0.21 + 0.11) GeV



It is a Higgs Boson

19.7 0" (8 TeV) + 5.1 1" (7 TeV)

~ R ALA A B Rt R
< [ CMS 1
o 1E ! 3
> £ B
2 ¢ ]
= [ |==68% CL ]
107 | —o5% oL 3
< U E % E
F |---SM Higgs ]
10% 3
10° L Me)fit | |
E E68%CL | ]
—95%CL | 1

-4 Ll Ll Ll L

10 0.1 1 10 100

Particle mass (GeV)

m¢
M

1+e
Af:( ) ,

€ € [—0.054, 0.100]

gv 1/2 My 1+e
(E ) B (V )
(95% CL)

M € [217, 279] GeV

SM: ¢=0

EWSB

M = v = 246 GeV

A. Pich

SM fit with M, measurement

SMTitwio M,
ATLAS measurement [arXiv:1406.3827)
CMS measurement [arXiv:1407.0558]

PP I i S S i N AR A [V AR
70 80 90 00 130

SM Fit

140
M, [GeV]

R o e
68% and 95% CL contours
B fitwio M,, and m, measurements
fitwio My, m, and M, measurements
M direct M, and m, measurements

Scalars 2015

]
170
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160

150

I
180 190

m, [Gev]
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Higgs Mechanism:

Massless W=, Z (spin 1)

3 x 2 polarizations = 6

Gauge invariance

EWSB

A. Pich

Scalars 2015
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Higgs Mechanism:

Massless W=, Z (spin 1)

3 x 2 polarizations = 6

3 x 3 polarizations = 9

Gauge invariance

+

3 Goldstones ;(x)

SSB l

Massive Wi, V4

EWSB

A. Pich

Scalars 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
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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

_ = 20 1 0
¢(x)—exp{10 > ﬁ[v+H(x)]

Du® = (8, +4gdW,+4e Bu)o V= —p?/x

(D, @) DrO — M2, Wiwr 4 M2 7,70

Mw = Mz cosby = %gv

EWSB A. Pich
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EFFECTIVE LAGRANGIAN:

EWSB A. Pich - Scalars 2015

LU) =) Lo

n

29



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

Ly = %2Tr (9.t 0v)

Derivative
Coupling

Goldstones become free at zero momenta

EWSB A. Pich - Scalars 2015
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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 = 9"U—iWwru+iUuB” prut = orUt +iutwr —iBrut
Wov = R oW W W) B = 0nBY - 0"Br (8P, BY]
W = —£ & - WH , B+ = —%/ o3 B (explicit symmetry breaking)
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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!)
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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

EWSB A. Pich
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Higher-Order Goldstone Interactions

4
L

CP-even

(Appelquist, Longhitano)

Op = V2 (T V)2

01 = (U B, UTWHY)
O3 = i (W [V#, V"])
05 = (V, VH)?

01 = (DL VH*)?)

Os = i (UB, UT [V, VY))
Os = (Vu Vo) (VIVY)

V, = D,U U? DuVy = 0V — i [Wy, Vi

Symmetry breaking: T, = U2 Ut

)

(Vs DuVi, T1) — g1 (Vu, DuVia, T1) &)

> — /O
) Bl“’ = —8 73 Bl“’



Higher-Order Goldstone Interactions

14
£S\)N = Z a; O; (Appelquist, Longhitano)
CP-even —o

Op = V2 (T V)2

O1 = (U B, UT W) Oy =i (U B, Ut [V, V"))

O3 = i (W [V¥, V¥]) On = (Vu Vi) (VEVY)

Os = (V,VH)? Op = 4 (Vi Vo) (TLVH) (TLVY)

O7 = 4(V,VH) (T V,)? Og = (TuWy)?

Og = —2(T W) (TL [V, V¥]) O = 16 {(TLV,) (TLVi)}?

O11 = (DL VH)?) O1p =4 (T, DD, V¥) (T VH)

O13 =2(T.DuVo)? Or4 = —2i "7 (W, V) (T Vir)
Vu=D,UU' | DuVu =08,V —i[Wu, Vol (Vu, DuVe, T1) — g0 (Vu, DuVa, T1) &)
Symmetry breaking: TL=UB U~ Op) Buv = —&' 2 By~ O(p?)
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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
%(auufa“w = Oup 0" + 50w

+
6 4
+ O(Lp /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:

EWSB

(B ) (50 w2 () (50

_ _ s+t
T(eTe™ = ¢TeT) = —3
20 = 2p, 4p .-+ related
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N . N . ----mo--- EEEEY N
N ’ N =~ , N PN .
— S R Lo PR
AOEERN AN el L le”
A7 = 0 9%) = A(s, t,u) 6ap Scq + At S, 1) bac Opg + AU, t,5) Gaq Ope
_ s 4 2, 2 r 2
A(s,tu) = — + — [ag(p) (£ + u®) + 2a5(un) s%]
v v
1 5 5 2, 1 5 2 2 —t
—_— — (t — (s =3t log | —
T {9 + ( )+ 5 ( u’) log {
1, 5 5 —u 1, —s
—(s*—t"—-3 log| — ) — =s" log | —
+ 35 ( u®) log 2 2 el 2
. i [2uPt 1 1
3 = (W) + 1o | 5—p + 108 (4m) wg} "=-= =
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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)
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. Y Y ----a
N ’ N =~ v’ 7N VAN

N N2 N ’ \ h W L7

x x X ' ' \ >

N FEEN s N \ 7 I,’ \\
a c . N . ~-- N N N
" — Pp SR Lo e

+ 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)
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