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Great success of the Standard Model

SUQ2), ®U(1)y  v=246 Gev

1
Fundacién M, cos QW = MW =—vg
¥ Principe de Asturias ’ 2
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Beautiful Discovery

Boson, J=0

Fermions = Matter ; Bosons = Forces

e Fundamental Boson: New interaction which is not gauge

e Composite Boson: New underlying dynamics
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Beautiful Discovery

Boson, J=0

Fermions = Matter ; Bosons = Forces

e Fundamental Boson: New interaction which is not gauge

e Composite Boson: New underlying dynamics

- - 2 /\2 N
If New Physics exists at Anp M ~ (fT)z Nip log (%)
H

Which symmetry keeps My away from Anp?

e Fermions: Chiral Symmetry
e Gauge Bosons: Gauge Symmetry

e Scalar Bosons: Supersymmetry, Scale/Conformal Symmetry ...?

A. Pich EW & Higgs Physics



Symmetries & Mass Scales

Fermions: ¢, p — eloLR VLR Chiral symmetry
Ly = P —my) = DLidpe + Pridr — my (bror + Pridy)

Symmetry recovered at my, =0 — dmy, o my,
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Fermions: ¢, p — eloLR VLR Chiral symmetry
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Symmetries & Mass Scales

Scalars: Lo = 20,00"¢ — L m? ¢ Any symmetry?
2 YH 2 e

No additional symmetry at my =0 ==~ 5mq25 x M? (M = any scale)

e Shift symmetry: ¢ — ¢+c

Pseudo-Goldstone Boson




Symmetries & Mass Scales

Scalars: Ly = 10,000 — L m? ¢? Any symmetry?

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

e Shift symmetry: ¢ — o+c

Pseudo-Goldstone Boson

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

Conformal Invariance. Dilaton

A. Pich EW & Higgs Physics




Which symmetry keeps My away from Ayp ?

Quantum Stability: Vectors/fermions protected by gauge/chiral symmetries

Spin, Mass & Degrees of Freedom

| | 1=1 Ja=1]1=0|
2 d.o.f. 2d.of. | 1d.o.f.
M=0 Trans. Pol. (o
3 d.o.f. 4d.of | 1d.o.f.
M0 || Trans & Long. | ¥, ¥r

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

Scalar masses not protected (continuous m — 0 limit)

Proposed Solutions:

e SUSY.- Symmetry relates bosons to fermions
e Composite Higss.- Higgs made of fermion constituents

® Pseudo-Goldstone Higgs.-




ATLAS SUSY Searches* - 95% CL Lower Limits
May 2017

Model

STy Jets EYS [ranm)

Mass limit

MSUGRA/GMSSM
. 3-4%]

qq, qqu 0(cmnpms-rli
ss< s**WY\ *'WW‘Xn
é
£

2. X*WU!/WWl
&I

GNISB ({ NLSP)
GGM (bino NLSP)
GGM (higgsino
GGM (higgsino-bino
GGM (higgsino NLSP)
Gravitino LSP

03ep/t2r ZIOJels/sb Yes 203
Yes 361

mono-jet w nsts Yes 32
0 26jels  Yes 361

0 26jels  Yes 361
Seu  4jets - 3sd

7A1jels  Yes 36
127401 02jets  Yes 32
2y - Yes

s
v b Yes 203
v 2jets

2e42)  2ets  Yes 203
0 monojel Yes 203

ATLAS Preliminary

V5=7,8,13TeV
Vi=13Tev. Reference
—

m(q)sv\(xr 1507.05525
miF7)<200GeV, m(1 gen.)-m(2 gen.g) ATLAS.CONF-2017-022

mi(7)-miF)<5 Gev. 160407773

m(})<200 GeV ATLAS-CONF-2017-022

i) ) em() ATLAS

e
miF})<400 GeV
miiY) <400GeV.

ATLAS-CONF-2017-030
ATLAS-CONF-2017-033

o 3b Yes 361
Otep  3b  Yes 361
Oles  3b  Yes 201

b, i+

wzeu 02jets125 Yes 20336.1

monoset  Yes 32
2e, u @ 1b Yes 203
3en@ b Yes 361
12es  4b  Yes 361

1607.05079
CrNLSP)<0.1 mm 160609150
<S50 GeV,cr(NLSF)<0.1mm, <0 1507
i) 50GaY NP0 m o0 ATLAS-CONF-2016.066
MINLSP)>430 160303290
()18 o mi@=m(@)=1.5TeV 150201513
m(i})<600Gov ATLAS-CONF-2017-021
mif})<200GeV ATLAS-CONF-2017-021
m(i})<800GeV. 1407.060
miE)<4206ev ATLAS-CONF-2017-038
ATLAS
i) <o, mi-28Gov 1209.2102, ATLAS-CONF-2016-077
=1 Gev 1506.08616, ATLAS-CONF-2017-020
e

m(X\)>|506'V

160407773
14035222
ATLAS-CONF-2017-019
ATLAS-CONF-2017-018

Tl I
X:X\ —-lv([V)
T H e

o)

2ep 0 Yes 361
2ep 0 Yes 361
2 - Yes 361

TR ELvLL). (5. 06) 3ep o Yes 361

EE mj Witz 230 02jels Yes 361
= S WRILEY, hosbb/WWre/yy eny 02b  Yes 203

)( R0, s o den 0 Yes 203

GGM (wino NLSP) weak prod. T} G 1, find - Yes 203

"G - Yes 203

Disapp. trk 1jet Yes 36.1

irec GEdcik - Yes 184

o, Stable, stopped § R-hadron 0 15jets  Yes 279
23 stavle  Rrhadron rk - - 32
%- Metastable £ R-hadron dEfdx trk - - 32

1, Dt 124 - < e

GMSE X\«vyﬁ long-lived ¥ k4 - Yes 203

o asplecloul - - 23

ZG displ. vix + jets - - 203

LFV ppvy + X, Vyseuferipr anerur - . 22

CMS 2, (SS) 0-3b Yes 203

o den - Yes 133

e s Sewst - Yes 203

2 0 4SlageRjels - 148
£ ﬂqqx.,i o 0 45largeRjets - 148
e Ve Bl0js04h - 361

[ Rc A T 810jels/0-4b - 361
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iz, 7)=0.5(m(F? ) sm(E})

m«z 5)=0.5(m(F yem(iD)
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ATLAS-CONF-2017-039
ATLAS-CONF-2017-039
ATLAS CONF-2017-035
ATLAS-CONF-2017-039
ATLAS-CONF-2017-039

150107110
14055086
15070545
15070548

mET (i)~ 160 MeV, r(¥)=0.2 ns ATLAS-CONF-2017-017
] i) 160 MoV, <15 s 50605352
m{E})-100 G, 10 <r(2)<1000s 13106584
1606.05129
m(F})=100 GeV, r>10 s 160404520
<50 18116785
1en)<3 s, 5PS8 model 14095542
7 <cr(Ry)< 740 mm, m(#)=1.3TeV. 150405162
6 <cr(i?)< 480 mm, m(z)=1.1 ToV. 150405162
0T 007 160708079
m(@=mi(g), crsp<1 mr 1404.2500

a1 ATLAS.CONF 2016.075

1405,

i7)>400Gey
i ;>nzmmy‘/|‘.,sn
R()=BR(

=800 esv
1 TeV, 112#0
i o o

BR(; —be/n)>20%

ATLAS.CON 2015 022, ATLAS CONF 201584
ATLAS-CONF-2017-036

Other Scalar charm, e—ct} 0 2¢

Yes

“Only a selection of the available mass limits on new states or

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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m(F})<200GeV

Mass scale [TeV]
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Desperately Seeking SUSY (Dulcinea)

In all the world there is no
maiden fairer than the
Empress of La Mancha, the
peerless SUSY del Toboso

Your worship should bear in mind
that SUSY is badly broken; got
heavy through anomaly mediation

Theory Highlights & Outlook



B 13Tev [_]8Tev

LQ1(ej) x2  |m—
LQ1(e)+LQ1(v) B=0.5 -
LQ2() x2 | — coloron(j) x2 | ]
O e coloron(4) x2 [ Multijet
LQS(va):Z —= Leptoguarks luino@j) x2 [
R =] gluino(3) x Resonances
La3(v) x2 -
Single LQ1 (=1) gluinofib) x2 [
Single L2 (\=1) | 0 1 2 3 4 Tev

0 1 2 3 4 Tev
ADD (y+MET), nED=4, MD
RS1(j), k=0.1 RS Gravitons ADD (j), nED=4, MS
RS1(VV) k=0.1 QBH, nED=6, MD=4 TeV

RS1(ee,pp), k=0.1 NR BH, nED=6, MD=4 TeV

3 3 3 Tev String Scale (j)
QBH (jj), NED=4, MD=4 TeV

CMS Preliminqry ADD +MET), nED=4, MD

ADD (ee, ), nED=4, MS Lorge Extra

‘ AOD (). nED=4, 1S Dimensions
SSM Z'(tT) | Jet Extinction Scale

SSM Z'(j) ,
SSM Z'(ee)+Z' () | Tev
SSM W'(j)) ! dijets, A+ LL/RR
SSM W'(lv) dijets, A- LL/RR
SSM Z'(bb) :I dimuons, A+ LLIM
0 1 2 dimuons, A- LLIM
. dielectrons, A+ LLIM
Excited dielectrons, A- LLIM
& (M=A) Fermions single e, A HNCM
u (TA:A; single p, A HNCM Compos

o (gv)(;lg“ inclusive jets, A+
b* inclusive jets, A-

0 1 2 3 4 5 6 Tev 01234567 8 910111213141516171819 TeV

CMS Exotica Physics Group Summary — ICHEP, 2016

A. Pich EW & Higgs Physics 9



Don Quixote and the Windmills

E ﬁgnujl..- f

s J Look, your worship, it's
a just the spectrum of the
Standard Model

Massive & dark SUSY

states show up through

a hidden portal from a
warped dimension

e — —
. A W

A. Pich Theory Highlights & Outlook 42




The Heaviest Mass Scale

I Vi = ~m = 246G m, ~ 1 (0.995)

The top quark:

e Sensitive probe of Electroweak Symmetry Breaking
¢ Non-perturbative (strong) dynamics?

e Very different from other quarks: y, = 0.025, y. = 0.007 ...
e Is it really a SM quark?

/ b So far, we only know the decay t — W*h
a IVip| > 0.92  (95% CL)




ATLAS+CMS Preliminary LHCtopWG  m, summary, /s =7-8 TeV  May 2017
e World Gomb. Mar 2014, [7]
stat
total uncertainty total stat
M, = 173.34 £ 0.76 (036 £ 0.67) GoV. ey ol (st 2 sys) & Rl
ATLAS, l+jets (‘) 172314155 (0.75 £ 1.35)  77ov 1)
ATLAS, dilepton (*) 173.00 4163 (064 £ 1.50)  77ov 2]
CMS, l+jets 17349 +1.06 (043 0.97)  77ev )
. M, dilepton 172,50 £1.52 (043 £ 1.46)  77ev 1)
e Monte Carlo mass:
LHC comb. (Sep 2013) 173.29 4095 (0.35 £ 0.88) 7 1ev (6]
World comb. (Mar 2014) 173.34 +0.76 (0.36 £ 0.67) 196710 11
MC 173 34 0 76 G V ATLAS, l+jets 172.33 + 1.27 (0.75 + 1.02) 7Tev (8]
mt — . . e ATLAS, dilepton 173.79 £ 1.41 (0.54 £ 1.30) 7TeV (8]
ATLAS, all jets 175.1£18(1.4£1.2) 7TeV [9]
ATLAS, single top 1722+2.1(0.7£2.0) 8TeV [10]
) ATLAS, dilepton 172.99 40,85 (0.41£ 0.74)  oTev (1]
Lacks a roper QCD deflnltlon ATLAS, all jets 173,72 £ 145 (055 1.01) 7oy (12]
p p ATLAS comb. ({;‘;", o 172,84 £ 0.70 (0.34 £ 0.61) 7.6 7oV (11
CMS, l+jets 172,35 + 0.51 (0.16 + 0.48) 87T [13]
ole CMS, dilepton 172.82 £1.23 (0.19 + 1.22) 8Tev [13]
Amth = |m$ — mMC| ~ O(l Gev) CMS, all jets 172.32 £ 0.64 (0.25+ 059) s Tev [13)
t t CMS, single top 172.95 41,22 (0.77 £ 0.95)  aTev (14]
Hoang-Stewart 0808.0222 CMS comb. (Sep 2015) 172.44 048 (0.13 £ 0.47) 7.6 7ev (19
() Superseded by results . :
Zhown below the lne
PRI | L

A. Pich

P
165 170
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Top Mass

e Monte Carlo mass:
(173.34 + 0.76) GeV

MC
m;

Lacks a proper QCD definition
Amth = [mP*'® — m¥| ~ O(1 GeV)

Hoang-Stewart 0808.0222

Top-quark pole mass
DO oftf), 1.96 TeV.

February 2017

4520
PLB703 (2011) 422 @ 167.50 9204 70 GeV
MSTW08 G NNLO

DO oth), 1. 1330

D0 Note 6453 cous oty @ 169507540 GeV
MSTWO8 NN

DO ofth), 1.96 TeV
PRD 94, 092004 (2016)
MSTWO8 NNI

ATLAS ofti), 748 TeV
EPJC 74 (2014) 3109

——— 17280 *340 5 Gev

—@— 17290250 , . Gev

ATLAS tt+j shape, 7 TeV 1228
JHEP 10 (2015) 121 —@— 17370755 54, GeV
CMS oftl), 748 TeV 70
JHEP 08 (2016) 029 —@— 17380 -1.80 GV
NNPDF3.0

CMS oftt) 13 TeV

240
X 17010628 (2017) —— 172707240 570 Gev

CMS ti] shape, 8 TeV

———
TOP-13-006 (2016)

169.90 +452 ; o GeV

World combination
ATLAS, CDF, CMS, DO 1
arXiv:1408 4427, standard me

17334 4076 | Gov

|
150 160 170

m, [GeV]
A. Pich

World Comb. Mar 2014, 7]

stat

total uncertainty
=173.34.£076 036 £ 0.67) GeV

ATLAS, l+jets (‘)

ATLAS, dilepton (*)

CMS, l+jets

M, dilepton

M, alljets

LHC comb. (Sep 2013)

World comb. (Mar 2014)

ATLAS+CMS Preliminary LHCtOpWG  m,, summary, /s = 7-8 TeV

May 2017

total stat
M & otal (stat £ syst) & Rel
172314 1.55 (0.75 £ 1.35) oV 11}
173.09 £ 1.63 (0.64 + 1.50) Tov (2]
173.49 £1.06 (0434 0.97)  77ev 3]

172.50 £ 1.52 (0.43 + 1.46)
173.49 £ 1.41 (0.69 + 1.23)
173.29 +0.95 (0.35 + 0.88)
173.34 + 076 (0.36 + 0.67)

ATLAS, I+jets
ATLAS, dilepton
ATLAS, al jets
ATLAS, single top
ATLAS, dilepton
ATLAS, al jets
ATLAS comb. (e 201
CMS, Ijets

M, dilepton

M, alljets

CMS, single top

CMS comb. (Sep 2015)

(') Superseded by res:

shown below the line :

172.33 £1.27 (0.75 £ 1.02)
173.79 £ 1.41 (0.54 £ 1.30)
175.141.8 (1.4 % 1.2)

1722:42.1 (0.7 £ 2.0)

172.99 + 0.85 (0.41+ 0.74)
173.72 +1.15 (055 % 1.01)
172.84 £ 070 (0.34 +0.61)  767ev (11
17235 + 0.51 (0.16 + 0.48)
17282 +1.23(0.19 % 1.22)
172.32 £ 0.64 (025 0.59) 8 7Tev [15]
172.95 £1.22(0.77 £ 0.95) s 7Tev [14]
172.44 +048(0.13 £0.47) 767V (19

8TeV [10]
8Tev (1]

8Tev [12]

8Tev [13]
8Tev [13]

P | I L
165 170 175

L L L I
180 185

My, [GeV]

¢ Well-defined mass:

Ot
Czakon et al.,

tt + j shape

Alioli et al

EW & Higgs Physics

(NNLO + NNLL)

Barnreuther et al.,

Cacciari et al.
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A. Pich

2 2

A4 2 Vv 1 0,0, My, 3 My .

- — - = = —H H
V(¢)+4v >\<|d>| 2) 2I\/IHH + 5 + 3.2

v = (V2Ge) % = 246 Gev

M2
My = (125.09 £ 0.24) GeV =~ wae )\ = —1

EW & Higgs Physics
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2\ 2 2 2
4 _ 2 VINT 1o My, s Mg
V(®)+5v _>\<|d>| 2) = SMiH + SHH + B H
v = (V2Ge) % = 246 Gev

2
My = (125.00 + 0.24) GeV wae A — i

Y+ 2 307 ) os(/m)] +

A. Pich

Ve = \/Emt/v ~1
EW & Higgs Physics
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Vacuum Stability: A(A) Z 0 Degrassi et al, 1205.6497, 1307.3536

A. Pich

Higgs quartic coupling A

Buttazzo et al, 1307.3536

0.10
008 30 bands in
M, = 1733 + 0.8 GeV (gray)
a5(My) = 01184 = 0.0007(red) .
006 3 My = 125.1 0.2 GeV (blue) ]
=
004 =
002 B
g
0.00 e
. &
-0.02
-0.04
10°10% 105 10° 101 102 10" 10" 10" 10% 50 100 150

RGE scale tin GeV' Higgs pole mass M, in GeV

=M, .. == My>(120.6+15)GeV

180

Top pole mass M, in GeV

1200 12 124 126 1% 130 132
Higes pole mass M, in GeV.

Assumes SM valid all the way up to A < M

Planck
EW & Higgs Physics 14



Vacuum Stability:

0.10
0.08 30 bands in
M, = 1733 + 0.8 GeV (gray)
(M) = 0.1184  0.0007(red)

~ 006 Y My =125.1 £02 GeV (blue)
@
2
g 0.04
g 0.02
ES
]
000

10°10% 105 10° 101 102 10" 10" 10" 10%

RGE scale y in GeV/

AN=M

Planck

180

Top pole mass M, in GeV

120 12 124 126 18 130
Higes pole mass M, in GeV.

Assumes SM valid all the way up to A < M,

A. Pich

A(N) >0

EW & Higgs Physics

pole

Top pole mass M, in GeV

= My > (129.6 £ 1.5) GeV

Degrassi et al, 1205.6497, 1307.3536
Buttazzo et al, 1307.3536

50 100 150
Higgs pole mass M, in GeV

[129.8 + 5.6]

Alekhin et al, 1207.0980

182
180
178
176
171
172
170
168
166

120 124 126 130
My [GeV]

lanck
14
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2

(D, ) D' — A <|<|>|2 -

Lo

EW & Higgs Physics 15
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¥ = (65,0) = ( o ¢+>

-~ @°

o\ 2
Lo = (DHCD)TD"CD—A<|<D|2—V?>

_ %Tr [(D"5)'D,%] — % (Tr[Z15] - v?)°

A. Pich EW & Higgs Physics



Custodial oo - (%)
Symmetry

o\ 2
Lo = (DHCD)TD”CD—)\<|<D|2—V?>

_ %Tr [(D"5)'D,%] — % (Tr[Z15] - v?)°

SU(2). ® SU(2)r — SU(2)1+r Symmetry: Y g Ygl

A. Pich EW & Higgs Physics



Custodial seeo - (%)
Sym metry u@) = ew{ia-}

L (v + H) U@)

< |6

v2

2
Lo = (D,)'D'd — )\ <|c|>|2 - ?>

_ %Tr [(D"5)'D,%] — % (Tr[Z15] - v?)°

- V;Tr [(D*U)'D, U] + O(H/v)

SU(2). ® SU(2)r — SU(2)1+r Symmetry: Y g Ygl

A. Pich EW & Higgs Physics 15



Custodial s - (%)
Symmetry o) = e {10-7}

1

L (v + H) U@)

v2

2
Lo = (D,)'D'd — )\ <|c|>|2 - 7)

1 " A 2
= 5T [(D*%)'D,X] — n (Tr [Z7%] — v?)

- V;Tr [(D*U)'D, U] + O(H/v)

2

SU(2). ® SU(2)r — SU(2)1+r Symmetry: Y g Ygl

Same Goldstone Lagrangian as QCD pions:
s v g WEZ

A. Pich EW & Higgs Physics
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Electroweak Symmetry Breaking

: o L= MWWt Mz,
"4
Ly = - T (DU DY) =
Mw = Mz cosby = %gv

DHU = 9*U — i WHU +i U B* , DrUt = orut 4+ i UtWh — j Bryt

Wh = -£q wr , Br = 7%/ o3 B*  (explicit symmetry breaking)

A. Pich EW & Higgs Physics 16



Electroweak Symmetry Breaking

: o L= MWWt Mz,
"4
Ly == Tr (DU DMU) -
Mw = Mz cosby = %gv

DHU = 9*U — i WHU +i U B* , DrUt = orut 4+ i UtWh — j Bryt

Wh = -£q Wh , Br = —%/ o3 B*  (explicit symmetry breaking)

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

. Pich EW & Higgs Physics 16




Electroweak Symmetry Breaking

: o L= MWWt Mz,
"4
Ly == Tr (DU DMU) -
Mw = Mz cosby = %gv

DHU = 9*U — i WHU +i U B* , DrUt = orut 4+ i UtWh — j Bryt

Wh = -£q Wh , Br = —%/ 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

A. Pich EW & Higgs Physics 16



Goldstone interactions are determined by the underlying symmetry
u(@)

V—2 Tr <0,LUT0“ U) = dup Mo + %3u4p08“g00
¢ {5 ) () 2 ) (504
+ O (@6/v4)
:1(: T (et = 9TeT) S;t
20 = 2p, 4p, -- related

Non-Linear Lagrangian:
EW & Higgs Physics

A. Pich
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Equivalence Theorem

wH wH Cornwall-Levin-Tiktopoulos
Vayonakis
w- w- Lee—Quigg—Thacker

_ _ s+t M
TWIW, — Wiw) = 5 + o(%)
- - M
= T(pTe™ = 9Te7) + 0(%)

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

Tree-level violation of unitarity

A. Pich EW & Higgs Physics 18



Longitudinal Polarizations

k*

kﬂ:(kO,o,o,|E|) — eg(E):MLW <\E\,0,0,k°> = - +0



Longitudinal Polarizations

ku:(k°,0,0,|/?|) -

w

2 [K[*

One naively expects TW W, =W W) ~ g o
w

A. Pich EW & Higgs Physics

. 1 - kH My
Ky =—— (|k|,0,0,k°) = rw
)= 3 (K.0.0.6°) = +0<

19



Longitudinal Polarizations

I

kit = (ko,o,o, |E|) %

m—-

One naively expects

(

k)

TWHW, = WHEW) ~ g% —

MLW (\E|,0,0,k°) -

TWwW, — Wirw))

s+t
v2

B
" o(

Tt~ 29T )+ O (

My
NG

Gauge
Cancelation

)

My,

NG

)

A. Pich

EW & Higgs Physics
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Wrw, — Wiw;

BES

T 7i 5+f,i,t—2 7,M_’2" ;
M2 s—MZ t—ME[ T TV \s— M

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

A. Pich EW & Higgs Physics

1
| H

Lt
t— M?

in the SM

20



WHW, — Wiw:
BN S

T- 7i 5+f,i,t—2 7,M_’2" ;+;
M2 s—MZ  t—ME[ T TV \s—MZ ' t— M3

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

2M? 1 1t M?

2 ~ H — ~ H

When s> Mg, Tsm ~ — 3 , ap = Ton _1dc059 Tsm ~ “Bmy?
Unitarity: Lee-Quigg-Thacker

lag] < 1 —- My < V8nv 2/3 =~ 1 TeV
N——"

W+W—,ZZ, HH

A. Pich EW & Higgs Physics 20



Status & Qutlook

The SM appears to be the right theory at the EW scale
The H(125) behaves as the SM scalar boson

The CKM mechanism works very well (but flavour not understood)

Neutrinos do have (tiny) masses. Lepton flavour is violated
Different flavour structure for quarks & leptons

New physics needed to explain many pending questions:
Flavour, CP, baryogenesis, dark matter, cosmology. ..

A. Pich

EW & Higgs Physics
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Status & Qutlook

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

e The CKM mechanism works very well (but flavour not understood)
e Neutrinos do have (tiny) masses. Lepton flavour is violated
e Different flavour structure for quarks & leptons

e New physics needed to explain many pending questions:
Flavour, CP, baryogenesis, dark matter, cosmology. ..

e How far is the Scale of New-Physics Anp?

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

¢ Which kind of New Physics?

A. Pich EW & Higgs Physics 21




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

Theory Highlights & Outlook
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EFFECTIVE LAGRANGIAN:

A. Pich EW & Higgs Physics
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

n
¢ Goldstone Bosons

(0/#,q,10) (QCD), ® (SM) == U;(¢) = {exp(i7-F/f)};
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

¢ Goldstone Bosons

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

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

¢ Goldstone Bosons

01@d,10) (QCD), & (SM) = Uy(d) = {exp(i-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 Ugl ; g . € SUQ)Lr
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

¢ Goldstone Bosons

01@d,10) (QCD), & (SM) = Uy(d) = {exp(i-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 Ug! ; g . € SUQ)Lr

, £2 e (8. Ut o Derivative
S r( nU U) Coupling
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

¢ Goldstone Bosons

01,q,0) (QCD), & (SM) = Uj(0) = {exp(ic-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 Ugl' ; g . € SUQ)Lr

, £2 v (5.Ut 9°U Derivative
S r( " ) Coupling

Goldstones become free at zero momenta

A. Pich EW & Higgs Physics
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Possible Scenarios
of EWSB

©® SM Higgs: Favoured by EW precision tests

® Alternative perturbative EWSB:

My, T vATHT +1) — YR
M3 ey 25 Y7

Scalar Doublets and singlets Ptree =

©® Dynamical (non-perturbative) EWSB:

Pseudo-Goldstone Higgs

Scalar Resonance
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Possible Scenarios
of EWSB

©® SM Higgs: Favoured by EW precision tests

® Alternative perturbative EWSB:

2 2 2
My  ZivilTi(T; +1) — ¥/]
A S S

Scalar Doublets and singlets Ptree =

©® Dynamical (non-perturbative) EWSB:

Pseudo-Goldstone Higgs

Scalar Resonance
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O B I L I L I § L S
<, fitter|s|
e [ SM fit with M ,, measurement
SM Higgs o
3.5 F-HH ATLAS measurement [arXiv:1406.3827]

CMS measurement [arXiv:1407.0558]
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1302.3415

Oy (PD)

A. Pich

Evidence of Gauge Self-interactions

e w e W~ e zZ e z
v.Z v.Z
Ve e
& w* & w & 2 ¢ z

o(ete™ - wrw~)

30 r —
"LEP ‘ g
N
o
20 —
[) ¥ wt
A
101 .
YFSWW/RacoonWW
; ___.no ZWW vertex (Gentle)
;7* only v, exchange (Gentle)
01— ‘ ‘
160 180 200
Vs (GeV)

o(ete™ — Wtw™)

LEP

ZZTO and YFSZZ

180

190

200
Vs (GeV)

No evidence of vZZ or ZZZ couplings
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Ng = 3 Fermion Families

Flavour Dynamics:

A. Pich EW & Higgs Physics
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Ng = 3 Fermion Families

Flavour Dynamics:

Ly =

Non-Diagonal Complex Mass Matrices:

GIM Mechanism s !
Diagonalization s I
8urr — mg /v " ;

No Flavour-Changing Neutral Currents

EW & Higgs Physics
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Quark Mixing

07 T L e L e S e S
2 i A 3
s : % E * * *
i~ 3 amg * s o VigVip + VgV + VigVip = 0
05 5 \\\\\ ; —
g s - s pco
L » Az, 3
- 0.4 é -y, E (X))
03 F oS o 3 - * * *
| a 3 VudVub/ VedVeb VedVeb/ VeaVeb
0.2 ' —
01 : \5|
3 \e (0,0) (1,0)
0.0 a Il Il Il :
-0.4 -0.2 0.0 0.2 0.4 0.6 08 1.0
P
i=n (1 -1 AZ) = 0.343 4+ 0.011
1-2%/2 A AX3(p — in) \ UTg:
V= - 1—-A%/2 AN? +o(x) p=p(1-32?) = 0153 +0.013
ANN(1—p—in) —AX? 1
A=0833£0012 ; X =0.2250 % 0.0007
Successful CKM Mechanism
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Bounds on New Flavour Physics

(D)
_ Ck (D)
Lcl'l' - LSM + Z z A[)74 Ok
NP

D>4 k

o
=
o
-
a

Isidori, 1302.0661

Operator Bounds on A in TeV (exp = 1) | Bounds on exp (A = 1 TeV) Observables
Re Im Re Im

(519"dr)? 9.8 x 107 1.6 x 107 9.0x 1077 3.4x1077 Amp: ex
(5pdy)(5rdR) | 1.8 x 10 3.2 x 10° 6.9%x107  2.6x 10" Amp; ex

(@ ur)? 1.2 x 10° 2.9 x 10° 56x10~  1.0x 1077 [ Amp:|q/pl.op
(eruL)(cLup) | 6.2 x 10° 1.5 x 10* 57x107%  1.1x10"% | Ampslg/pl,op

(bpy*dp)? 6.6 x 107 9.3 x 107 23x1070  1.1x107° Amp,: SyKs
(bpdr)(brdg) | 2.5 x 10° 3.6 x 10° 3.9x1077  1.9x 1077 Amp,; Syks

(bry"sL)’ 1.4 x 107 2.5 x 107 50x 107> 1.7x107° Amp,: Sye
(br sy)(brsgr) | 4.8 x 10? 8.3 x 10° 88x 1070  29x10°¢ Amp_: Sy

= Generic flavour structure [cyp~O(1)] ruled out at the TeV scale

= Ayp ~ 1 TeV requires cyp to inherit the strong SM suppressions (GIM)

Minimal Flavour Violation: The up and down Yukawa matrices are the
only source of quark-flavour symmetry breaking D’Ambrosio et al, Buras et al
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TWO—HiggS DOUbIetS vZ=vE4 V2, tanB=w/v
5 scalar fields: HE, ©9 = (h,H,A) [3 x 3 mixing matrix Rj]

2 2 2 _ (,SM)?2
8w + 8w + v = (ghVV>
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Two-Higgs Doublets  v=v+v. ai=um

5 scalar fields: HE, ©9 = (h,H,A) [3 x 3 mixing matrix Rj]

Ly =—Q(Tid1+Tag)dy we Ly =—Y2Q (M,d;+ Y)d,)ds

M; & Y; unrelated (not simultaneously diagonal) ~ wm» FCNCs
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Two-Higgs Doublets R R IR B

5 scalar fields: H+ s QO? = (h, H, A) [3 x 3 mixing matrix Rj]

2 2 2 _ (,SM)?2
8w + 8w + v = (ghVV)

Ly=—Q (T1¢1+Tagp)dp = Ly =—Y2Q (M, + Y,d;)dk

M; & Y; unrelated (not simultaneously diagonal) ~ wm» FCNCs

Solutions: (same for ug and ¢g Yukawas)

e Natural Flavour Conservation: [; =0 or [, =0 (2, models)
Glashow-Weinberg, Paschos
o Alignment: [, x — Ydj =Cdy Mdj , Y, = CZ M,

Pich-Tuzén, 0908.1554
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A. Pich

Effective Field Theory

(D
Ci

)
Lo = L9+ 3737 5 OF
NP

D>4 i

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

ci(D) contain information on the underlying dynamics:
2

Ly =g (@a) X = o5 (@r"a) (Guyua)
X

Options for H(125):

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

EW & Higgs Physics
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