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Introduction

The Standard Model of Particle Physics

- Renormalizable QFT -

Various Nobel Prizes

Glashow, Weinberg, Salam ‘74
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Vground state ‘oo ®
S U( 3) > M Higgs Boson h : H Lo U I
Brout, Englert, Higgs, B ? ? f

Guralnik, Hagen, Kibble,... 3 diferent flavors

* Tested extremely well up to weak scale M,, ~100GeV (currently going beyond:

* Many non-trivial predictions from (hidden) gauge sywwv\etrg R A
e Renormalizable: Osy C Lsy — d[Ogp] < 4 3 ey i

/s (GeV)
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Introduction

The Standard Model of Particle Physics
- A Success Story -

New Pb\ySl.CS should be rather b\eavy (or very weakly coupled to the SM)
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Physics Beyond the SM

However: SM explains by far not everything! E [Gev]

19 WPL

10
« Gravity ¢ SM n g
1010

Hierarchy Problem: m,, << Mp,_

Tiny Neutrino Masses . K
Grand Unification of Forces? : M
Hierarchical Flavor Structure s —
Baryogenesis — Existence of Universe
Dark Matter ¢ SM e
Trigger for Symmetry-Breaking Potential? \
Strong CP Problem - @ - "
Some Hints in Flavor/Precision Physics

= Extension of SM at short distamcesK:[/How couldiextension (O?k like? |

How to probe SM/NP? ~» Anatur
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Combined Effort

:H{ggs (Precision) Measurements /
A

nature v

|

Cross Sections /Direct Searches |

e

e Interconnected Questions, Interconnected Fields — ngergles
e.g.: Higgs-Matter couplings | ‘& Flavor Physics, Higgs Potential/hh Prod., Vacuum Stablhty,\
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Combined Effort

e R

| - Multi Higgs Production
Higgs (Precision) Measurements /

A . Cosmology
I g Enature v

|

( /

pe

N
\

pe

Flavor Physics

AN ,/

* Interconnected Questions, Interconnected Fields — Synergies |
e.g.: Higgs-Matter couph’mgs;}e Flavor Physics, Higgs Potential/hh Prod., Vacuum Stability,..
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Physics Beyond the SM

Cfrav;ty 7 SM Use the Higgs Sector as a

unique window to NP!
- g, << Mp 9 N
| . ' One of the biggest
Gmnd Um’Fr’catr'on of Forces? - t sovaias o A
\aaryogenes:s — Existence of Umverse é’
» Dark Matter ¢ SM é!
- Strong CP. Problem | 2
BREAKTHROUGH @ 9“0 0 {80 40150

L

« Some Hints in Flavor/Precision Physics

Many links to Higgs Sector

. H )
Higgs still least understood...
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Physics Beyond

the SM

- Gravity ¢ SM
+ Hierarchy Problem: py, << Mp,

+ Tiny Neutrino Masses’ o
Gmmd Unification of Forces? - =
Lzargogenesfs — Existence of Umverse

 Dark Matter ¢ SM

- Trigger for Symmetry-Breaking Potential?

. 'Strong CP Problem |
+ Some Hints in Flavor/Precision Physics,

v

And to Flavor!!

:::::::::
S |_RERRS | ndlife | nelffho

Florian Goertz
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Flavor Physics allows to test
enormous mass scales ...

Lsm + 4o . (QiQ2)(Q:Q5)

10° F of
"l

T B

m

1[]] =

A v ['.I‘(’.\'r]

(e—u) Neubert,
EPS 2011

(s — d) (b—d) (h— s)
Az D-D

Amg, € Amg, sin2d  Am,, AL,

92
wet ——» \/\/\/\» *
M 2

NP

suppressed in SM — large sensitivity to NP

gx ~ 1;Mxp > v

. or very small NP couplings
— AF=1 decays  g» <1;Myp <




The Hierarchy Problem

- (6) ATN
) 2 O 5 5 ;
LDOmy |H|" + Az A my () T Mpy
— T L L
. E=== Anp
5 ! _‘-. \\ A
my ~ 100 GeV N s
/mH <K AN~ Mpygur - Hierarchy Problem s Am2 ~ A2 i | T,
h NP

D=2 operator H* to reside at

@xpect coefficient of umprotected\
QutoFF: m?% ~ A* > 100 GeV )

A% ~ MéUT — Fine tuning 1 in 102

Allowed from laws of nature
... though puzzling
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The Hierarchy Problem

. OO g
L Omyy |H* + o A my (77) e -~ Mp,
/ T == Ayp
L A

mH Y 100 Gev h /J/ \‘ I h I.\ ”i h

— > — dis Eape = == _,,_“-_.__’_,,_ =5

mg <N~ M Hierarchy Problem
( H PL,GUT = Y 1 N Am% ~ A?VP S un

D=2 operator H* to reside at

Expect coefficient of unprotected
QutoFF: m3; ~ A% > 100 GeV

/

A% ~ MéUT — Fine tuning 1 in 102
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An Explicit Solution: Composite Higgs

Kaplan, Georgi, Dimopoulos,. . .

* Higgs is composite at small distances
=) my saturated in IR = Hierarchy Problem solved IK ‘ .

* Higgs = (pseudo) Goldstone Boson™ my<<m, 4™

[ike pions in QCD 2% L
“0
1500 P
sl || Lo
£ 1000 . .
= ==P
500 . — experiment p -
] = widh Naturally address
] @ s input - ~
0 —  Hierarchical Flavor Structure
0906.3544

* Dynamical EWSB
* Tiny Neutrino Masses

° Ml'V\l.VV\a( MOO{@(SI SO(S)%SO(4) Contino, Nowrum, Pomarol, ph/0306254 / /
Agashe, Contino, Pomarol, ph/0412084 e Dark Matter
— 4 Goldstone dof, custodial symmetry (___° Baryogenesis .. y

Probe nature of Higgs — Learn about such models
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EWSE < Flavor

Co 11 posﬂe EWSB
.ﬁ&,ﬁﬂ‘nd Flav6 r
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The Flavor Puzzle

* Large hierarchies in quark + lepton masses

and in CKM matrix

m [GeV ]
THE QUARK MASSES
200F
172
150
|l &) X3
100+
VCKM ~ —A 1 p 2
50+ |
& = 5 3 3 2 |
0 i I}]I 1'._ 4';" —A —A 1 A~ 0.23
o= o o
=5 8 E E 8
2 £ 8 2 ©
=
T 5 o 2
:n Fm
EPTONS
leciron Neulrino Muon Neulrino Tau Newdri
—_— . A
_ Q 0.800 — 0.844 0.515 — 0.581 0.139 — 0.155
Beckon Muon — |Ulze = | 0.229 — 0.516 0.438 — 0.699 0.614 — 0.790
sn 105.7 Ly 0.249 — 0.528 0.462 — 0.715 (.595 — 0.776
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Model of Flavor: Partial Compositeness

<

* Addresses the flavor puzzle: Voo §
\ P 2 y~1 . ?
yi g ¢ DIOF gl, (0]0F g|¥2T) #0 t | R

GQhight 80(5) — 80(4

— Hierarchies generated naturally y <1

* FCNC protection via GIM-like mechanism

TeV brane:

e . N Composites (Higgs.,...)
Dual picture: i V. H, ™ |
. . 1 1) fer~ T
| ] .i The Quark Masses
\Extm Dlwxensmm/ Slice of AdS. .:
= - g B (il 150
i I
Planck brane: |\ ¢g = —1/2 gz —1/2 i | i
- \ T
elementary } \Ur i - T
sector S b i cEEEs S
15 L R |

Mass matrices follow Froggatt-Nielsen-like
structure — see later
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Dynamical EWSEB

* Higgs boson = Goldstone of SO(5)— SO(4)

— massless w/o explicit SO(5) breaking

* Couplings to SM break SO(S) — 1-loop Coleman-Weinberg Potential

composite
A clementary y
Myp Y, p CF[ ) = ei}/_E@Ta
fr - Tev SI\/Ih=0 | h’ ¢7 p S0 = (0,0,0,0, )T
SU@)g XU SO(5) =>50(4) 13 5005,/500)
0- h,SM

V(h)x0|

Higgs potential <> Flavor
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Dynamical EWSEB

* Higgs boson = Goldstone of SO(5)— SO(4)

— massless w/o explicit SO(5) breaking

* Couplings to SM break SO(S) — 1-loop Coleman-Weinberg Potential

A
AT explicit
ULVY RS Y, p b;eakimg
S M of SO(5)
Jo e b, SM h=0

—» V(h) = asin®(h/f) — Bsin®(h/ fx) cos®(h/ fx)

Higgs potential <> Flavor
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Dynamical EWSEB

* Higgs boson = Goldstone of SO(5)— SO(4)

— massless w/o explicit SO(5) breaking

* Couplings to SM break SO(S) — 1-loop Coleman-Weinberg Potential

ATV
A77 ’,
My b, p Yol LOyNDOSIEL
.l t T by
T h,SM \
Qright 50(5) _>SO(4
y<1
0L

Most important SO(S) breaking: top quark
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Light Top Partners in CH

* Large top yukawa — large m,

g~ Y2 ~ myy/ fr my

my |

=> (:ql/\t top partners: Ju

125 GeV]

w3y <<f~TeV

I . 19.7 b (8 TeV)
LHC Searches: = e

BR(T - tH)

-1l

>

BR(T — Hf)

/

095 \\gzm?”s 13 TeV, 14.7 f”
0.EAN.
o7t TT —» WheX 1-lepton

o6 |8
o5t
0.4-
0.3
0.2-
cn

Observed 95% CL mass limit [GeV]

0 0102030405050?08091
BR(T — Wb)

Matsedonskyi, Panico, Wulzer, 1204.6333;
Contino, Da Rold, Pomarol, ph/0612048; Csaki, Falkowski, Weiler, 0804.1954;

.J/V\;/JJJIC
y/fﬂ ~ /

r |
50(5)—>50(4

Iy
=13 TeV, 361 fb"

ZaX AET™

# SU2) singles 3
= S5Ui2) doublet

% 0.10.20.30.40.50.60.70.80.9 1
BR(T — Wb)

De Curtis, Redi, Tesi, 1110.1613; Pomarol, Riva, 1205.6434
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(Too) Light Top Partners in CH

* Large top yukawa — large m,

Y 2 Ve . N
\mfd ~Yp U ’\mgl/lél/fw my
o MCHM
=> light top partners: 1
msys <<f ~ TeV 80
I ) ¥ LHC searches | 5
R 19.7 b (8 TeV) o w
LHC Searches? ous (2 o
.% i 05 "
] O'%o 100 150 200 0
1 my [GeV] ABG

Carmona, FG, JHEP (1410.8555)

BR(T - tH)

Matsedonskyi, Panico, Wulzer, 1204.6333;
Contino, Da Rold, Pomarol, ph/0612048; Csaki, Falkowski, Weiler, 0804.1954;

De Curtis, Redi, Tesi, 1110.1613; Pomarol, Riva, 1205.6434
Teilchentee, 18.5.2017 Florian Goertz




Light Top Partners

Interesting new class of solutions:

* New minimal models of the lepton sector, [umifqinq RH leptons in single SO(S) rep.:

/A

o V3, =] Al ] 5] i ] T
§ar —\72[ ; 69( T2[+, LY/{H’_]) ( 2{ J]Y:QH[ ])(;Tm{ _} Type-lll seesaw

Carmona, FG, JHEP (1410.8555)
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Light Top Partners

Interesting new class of solutions:

« New minimal models of the lepton sector, unifying RH leptons in single SO(S) rep.

« Mgur <MpL m) compositeness of seesaw fields ) compos. of charged leptons — Vi,

Planck brane: | TeV brane:
elementary | Composites (Higgs,...)
A~ Mp1 A ~ TeV
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Light Top Partners

e N

Interesting new class of solutions:

* New minimal models of the lepton sector, unifying RH leptons in single SO(5) rep.

* Mgur < Mpy, ™) compositeness of seesaw fields ) compos. of charged leptons — Vi,
m) top-partners lifted

_MCHMs Carmona, FG, JHEP (1410.8555)
: 5
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25 5p
120 - a 120
- o
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- 3 A
: 3 e
t 1.5+ 80 -iﬁ-i . e Hu
£2 £ | et ‘
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40 3 vt 4 140
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Higgs potential <> neutrino physics (see saw)
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Indirect Signatures of Compositeness

Higgs Rates Flavor Physics

LT bt w.z 0! 107!
0.1 _ ~ 107
b~ W = e 5 % W e o i‘:' ? "-"'% ]n_?
. -.’_;\\.‘f - T‘\j\l il P :r s 11' :n % .01 5 S 10t
H - s |0-|'|_
i B o T 00011/, b - s ams 10 - mect e
BT " e 1074 . 2 : N .x_. 10 107 4 6 810
b e L e o 150 200 300 500 Mg [Tev] Mgy [Tev]
i my, [GeV] s
Casagrande, FG, Haisch, Neubert, Pfolh, JHEP (1005.4315), .. Casagrande, FG, Haisch, Neubert, Pfoh,
Y JHEP (0807.4937), JHEP (1005.4315), ..
Z 08 307 !
% 06 25, K and B Decays, Mixing, Correlations...
o 0.02f ; g
047 20 8 ' | P
H _ 0.01F IE
0.2 £-0.2 g1 ¥ ; | = ’ : )
= . - BN ; = L 2
S e s 2 "E? 0. ]0."“* T E— +_ T, ) M‘
980 02 04 06 08 10 12 14 1.0 ‘ M“' s o ol
RYB+VBE:5+10 — .__J_.. %] g6
Carmona, FG, JHEP (1301.5856) 05 | @ .
—0.02t | % s 10 s 20
: _ : 0.0 10 -05 00 05 10 K" >t Tv) (107
. |Higgs-Pair| ‘ o
excluded & 7 TeV £=025,sin¢; <05 | M. [TeV] FG, Pfto 5 PRD (11051507)
3.8| * tested @ § TeV .. . " ) £ o 1] s
| o , FG, Haisch, Neubert, PLB (1112.5099) Agashe, Bauer, FG, Lee, Vecchi, Wang, Yu (1310.1070)

Yos Carena, Casagrande, FG, Haisch,

Neubert, JHEP (1204.0008) [Reach beyond the TeV sca(e!}

;= o(pp = h)Br(h — f)Inp + Azatov, et al, 1006.5934; Carena, et al, JHEP (1402.2987),

—— s . o(pp — 1) Br(h = f)lsuy Blanke, et al, JHEP (0809.2073) Blanke, et al, JHEP (0812.3803),
Gillioz, et al 1206.7120 Contino, et al 1205.5444 Bauer, et al, JHEP (0912.1625), Csaki, et al, 0804.1954, ...
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Interesting Predictions in Flavor Physics

* Very interesting predictions due to different compositeness of

RH charged-leptons — Lepton-Flavor Universality violation
Carmona, FG, PRL (1510.07658) "

X1
Carmona, FG, 1610.05766 M
P Xz

* In particular noteworthy

given the LHCb result aoot7

o « Model predicts Ry<1!
_ B(B — I{'U.+ 'u_) B 0.00006

ol e
B{B _:’ I‘. [ [ } L?El‘:_[l_f}J (;G\v'_ 0.00005

R

= UT"lr}-l__gggg + (0.036 <1 Eu.omAt

S5 0.00003

« 20 constraint from Bg-mixing oomo
O3 = (qiyuai) (LrY"Cr) L :
ae g * Points in agreement with
3244 2 3 .
Oz = (arVuqr)(LrY"LR) constraints from B,->pp
— Oy + O19; O+ O}, and on 4e operators

Hl'ggs potemtia(\ < Flavor Physics

0.00001

S
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Interesting Predictions in Flavor Physics

* Very interesting predictions due to different compositeness of
RH charged-leptons — Lepton-Flavor Universality violation

Carmona, FG, PRL (1510.07658) 2\
Carmona, FG, 1610.05766 vg— e
IR\ ]
* New LHCD result: 1@{,\ N |
QQ_ 2.8 s ] ™
R B(B — K*M+ILL_) P 0.9f . .;":-’ .:.:.,:. e 70%
K+ = - PR R AR . S '
B(B = K*eTe™) | 2cn 1 6cev 28, B H e 0L e "
. +0.113 G n P B " 4 s '
— 0.685_0069 :l: 0.047 0-65 . ..‘ ‘: : . i
0.5 0
04 o el 0t o pr el oo el ey s podl e e ) ey e Reseyr eow Toa o
04 05 06 0.7 0.8 0.9 1.0 11
5 -

Carmona, FG, in preparation

Hl'ggs potemtia(\ < Flavor Physics
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Interesting Predictions in Flavor Physics

* Very interesting predictions due to different compositeness of
RH charged-leptons — Lepton-Flavor Universality violation

Carmona, FG, PRL (1510.07658) \
Carmona, FG, 1610.05766 Ny il
0_0-“\\$‘ | | &
« New LHCb result: ((/\)\ — | B
R B(B — K*utp=) |7 Sospet b LR y B
K* — — P 0%
B(B — K*€+€ ) qQE[l.l,G]GeV o P ot N
B 4+0.113 BRI A T S | .
= 0.68570-113 + 0.047 prLAnTR s |
’ . -1.5 | | 20%
Flavor as a first window on the
’ d 2 0.6 0.7 0.8 0.9 1.0 1.1
composite Higgs... : "

Carmona, FG, in preparation

Hl'ggs potemtia(\ < Flavor Physics
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In general: A//fﬁf — Flavor

... still much to learn about H!

bunch of challenging, though
important, measurements:

e

ATLAS _“"Eiﬁ;‘;,),c‘ Total uncertainty g [ s
= 125.36 GeV ~ O\theory + = [ ATLAS 1s=8TeV, 2030
my e _g(theory}l + 1o on 18 E1 oL-hh — bbrt (bbut,_+bbet, ) -+ Observed |
H—"vy g?: : f p N £ [ Expected
BT o 18 ? . hh production —> V(H) — S
S (N | 6(gg—hh)<700fb - 70X SM * - ‘
H - ww* 2 ? ’“‘H | l ATLAS 1509.04670, 160004752, A seatlop ot ntivese Xopee tapuct
P\ : - : CMS-PAS-HIG-16-026,24,32,-15-013 1077300 400 500 600 700 800 900 1000
L= 1.18 0:2] -0t He | m,, [GeV]
o I o
p=14q042fo= | ¢ K
Hobb — [o= B
h=0630%| 52 NS 3 LYukawa coup{ly\gﬁ («> Dynamical EWSB?)
H - uu 3 . . .
- ; — fermion-mass generation (142" generation?)
\ 3.7 |-0a b
Wi 7 i I
14.6 |-13 ; ( ) . o qoe .
~ w=275k B H—>Zy: New Physics hiding in the loop?
Combined B R T
n=1.18°1%5 5 i \ .
i A DOEE PR Interesting probes of
eomay et = 10 1 o2 3 many NP scenarios

Signal strength (u) (SUSY, composite,...)

\s=8TeV, 20.3fb"

Florian Goertz

Teilchentee, 18.5.2017




Higgs < Flavor

... still much to learn about H! ‘Connections with flavor
are ubiquitous

ATLAS —olstat)  Total uncertaint g Az
—0’( gs inc. y 2 ATLAS 1s=8TeV, 203 1"
i theory z | Vs= 8 TeV, 20.
mH 12536 GeV —G(theory}l i 10 On ,_L iw_._hh — bbrr (bbjat’_m+bbe'!,,aﬂ) ~+ Observed =
H - vy = § ’ — g W i ]
s 1.{7+028| 21 HH : ’ L\L\ pV‘OduCthV\, ‘ > V(H) i + 26 expected
0.26 |- v.os H | \ J gL |
H - 2z* i K g
_ (0.40 |“o1s A |
Mo 0 | A IR o
H — WW* Eig 1 : 1077300 400 500 600 700 800 900 1000
pe= 17802 "” : e : m,, [GeV]
021 | 5o : HH i
H— 1t E i
] A0 : N
e W |
Hobb ; 2 N
+0.39 |-o023 1 ;
W=083, 5w | H |
A
k p=-07137 08 N ] : |
\ DA A L . l R y R .
HQ g 5 — [Yukawa couphmg§ («> Dynamical EWSB?)
~_ M= 2.7':"a M : ' P . d ;
e e — fermion-mass generation (1+2"* generation?)
Combined A -
- 1015 o1 5
S P e i HH i
| i |

\s=7TeV, 45-4.7 b -1 0 1 2 3
\s=8TeV, 203 1b" Signal strength (u)
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Higgs < Flavor

... still much to learn about H! Connections with flavor
are ubiquitous

ATLAS _““Eiﬁ,"s‘;,),c‘ Total uncertainty
s — %\th

my = 125.36 GeV —c(th:f)?y} ticonp
H -y o f ’

w17 | .
H o2z ' = Yukawa couplings (> Dynamical EWSB?)

w=1.46"2% 103 : . . .
e | — fermion-mass generation (1+2"* generation?)

b= 11802 2 .-

0.21 | oo _ HH i
H— 2:§ : S
_ +0.42 nz : e e B

b e B Large changes in y <> FCNCs
H-bb 2 & | N ‘ ‘ ‘ ‘ .

Ll=0‘63'3233 j - | e | | o 707., AP SrY S »
e 5
“\\ “:_O'7i2._:‘. ?-:; ] 0 : l %
H\@ i =

~ M =2.7':_§ T L

— S — /:t T 05 10 L5 20
Combined |5 ; [ - 04 < Yo/ Y7M S 17

p=1180101 08 : :

TS TAEEEE ik,‘l‘ i FG, PRL (1406.0102 )

\s=7TeV, 4.5-4.7 fo' -1 0 1 2 3
\s=8TeV, 203 1b" Signal strength (u)
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Higgs < Flavor

... still much to learn about H!

B St Total uncertainty
— !
my = 125. V theory
H 5.36 Ge . et £ 16 BT
= (0,28 | o1t L |
=10F oz | 01 T !
H - 2Z* ?35 e
- (040 |-01s T F
g=m 0.34 | 031 =k
H - Ww* '31}? 1 :
_ v0.24 |01 A 5
p=1.18 oz |22 . 15 i
How E:ﬂ : ——
+0.42 |- 023 : T
H it s T
T s S
PR | 1% )
H = % |
\ e 35 :_
\ Wo=-0.7 ol |
Mk : :
- 4.6 |-12
\\\ P‘{ A 45 ::..II //.t/
Combined ) ‘wf ——— T
=1 18-0.15 m oy
e Yk B n l
| . |

\s=7TeV, 4.5-4.7 b

\s=8TeV, 20.3fb"

4 0 1 2
Signal strength (u)

Teilchentee, 18.5.2017
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‘Connections with flavor
are ubiquitous

)
%

Yukawa couplings (=> Dynamical EWSB?)

— fermion-mass generation (142" generation?)

So far no direct evidence for second
generation yukawas; next frontier: y,

" o
c / _. .,.ZCCA%J ?

L

11 s
h— MV (+h— cc)

Bodwin, et al, 1306.5770, Kagan et al,
1406.1722, Grossman, et al, 1501.06569,

Perez, et al, 1503.00290, 1505.06684,... - ’K‘/C| < O(few)

pp — hc

Brivio, FG, Isidori, PRL (1507.02916)

Higgs pb\gsics} < Flavor Physics

Florian Goertz




Higgs < Cosmology

still much to learn about H!

ATLAS _““Eiﬁ,"s‘;,),c‘ Total uncertainty
my = 125.36 GeV gaoty
= 125.36 Ge _G(theow} tioconp
H— vy oz o
0.28 |01 S :
=T o i |
H - 2zz* a1 i
B 040|018 T
!.l 1 46 034 '|I 'T_| I [
H — WW* Sl A :
_ v0.24 |01 T :
= 1.18 6.1 "F".‘.;:. HA |
H- 1t g'g-cf i
o b ——
= 1/4% 037 570 A e o
H - bb - ix B
" =060t i 5 -
0.37 |Low j H [
H - up e f ;
\‘ _ mopiaFer e :
\ T ok L .
o tdE | :
~_ ;{ =20 il 11 5
Combined A
=1.187015[°"® : A :
H= A8 e R | R B
Bl Fl o

\s=7TeV, 4.5-4.7 b

\s=8TeV, 20.3fb"

1 2 3

Signal strength (u)
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hh production| —> \/(H)

=y T T T
% | ATLAS 1s=8TeV, 203 1"
=
IT qgF-hh —»bbrr (bbyut  +bbet, ) —=- Observed -
E ----- Expected ]
o W £ to expected |
:F[ + 20 expected |
a ~
' E
%‘\@‘ A A
‘JOCYC‘
™~ s 1% | W U BSOS S S SRS RS R
F \\O . 1077300 400 500 600 700 800 900 1000
W //’ m, [GeV]
A
i
&

How is e(ectroweak symmetry broken?

Hi

Florian Goertz

V(H) = Mﬂﬂ

\HP+MHF+A2

/- Vacuum Stability \
*  Origin of the Potential (< flavor)
* Dark Matter

* Portal
* Baryogenesis
\ Hierarchy Problem ... J




Higgs < Cosmology

still much to learn about H!

ATLAS
my = 125.36 GeV

— o(stat.)

— G(thec'ry}

(sys inc.

oty Tioconp

Total uncertainty

H— vy

0.26

+0.23
023
+0.16

= 7ree e

......

‘L -~

H

'r
rd

H - ZZ*

0.34

p=1.469471

;

=1
— H
[l |

H — WwW*

=182 0%

0.21 | “ooe

b B
R o

H— 1t

w=1 44”“

037 —T-.?f’

023

|3
T

H —>bb -

0.37

= 0.63%%

H - up
[ s +3.7
\ n=-0.7

HQ b
~ ;l=2.7'j§ :

Combined
nw=1.189"5
-0.14

e

010
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Signal strength (u)

Teilchentee, 18.5.2017

3

=y T T T
% | ATLAS ys=8TeV, 203 10"
=
IT qgF-hh —»bbrr (bbyut  +bbet, ) —=- Observed -
E ----- Expected ]
( v A R W + 15 expected
hh production > \(H) 3 e
\ ) 3 ,L |
B E
9. ] o
%'}}‘/}‘\ , %@%
T 2 ~ ’ K | VPO PSP [IPSPEPEPIN LU NP AFRPIFENS RFTTEPII SR
\\D - F \\O/ 1077300 400 500 600 700 800 900 1000
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s : s

How is e(ectroweak symmetry broken?

Hy

V(H) =% |H>+ \|H|* +\ A\Hﬂ

?

B

12

! 10F

. B

FG, PRD (1504.00355) 6

Grojean, Servant, Wells ... : (f(TC» :TC -

0 i

500 1000 1500 2000

appropriate 1% order PT for Baryogen.

| Higgs Physics < Cosmology
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Physics Beyond the SM

Three of the Major Open Questions in Particle Physics

E [GeV]

10° B My,
/

* Gravity ¢ SM
* Hierarchy Problem: m, << Mp,

Temperaure ene
aaaaaaaaaaaa

o 10" M Mcyr
=« Grand Unification of Forces? ji';’ 3
~ * Hierarchical Flavor Structure ] t My
__* Baryogenesis — Existence of Universe

® - Dark Matter ¢ SM LY -

el | : B : 1o
Tr:gger for Symme\trg Breaking Potential: —
« Strong CP Problem § 2} 102 B M,

Teilchentee, 18.5.2017 Florian Goertz



Dark Matter

* Luminous matter cannot explain many observations|

e [uminous matter not sufficient

* rotation curves of galaxies
to keep clusters bound

DISTRIBUTION OF DARK MATTER IN NGC 3198

LI BN B S R I LI B B S B S B B

* Bullet Cluster: : s
Optical observation (x-ray) g 'y
vs. grav. lensing

Vi (km/s)

A ST IR PP BN SRR
1] 10 20 30 40 &0
Radius (kpc) |
Albada, Bahcall, Begeman, Sanscisi, APJ, 2495, 305-313 (1985)

Coma Cluster, NASA, Zwicky

* large-scale structure formation TS — . CMB

+ BBN, Lyman-a forest, ...

Sloan Digital Sky Survey ESA

* All these observations can be explained by the presence of Dark Matter... What is its origin?

Teilchentee, 18.5.2017 Florian Goertz




The Flavor Puzzle

* Large hierarchies in quark + lepton masses

and in CKM matrix

m [GeV ]
THE QUARK MASSES
200F
172
150
|l &) X3
100+
VCKM ~ —A 1 p 2
50+ |
& = 5 3 3 2 |
0 i I}]I 1'._ 4';" —A —A 1 A~ 0.23
o= o o
=5 8 E E 8
2 £ 8 2 ©
=
T 5 o 2
:n Fm
EPTONS
leciron Neulrino Muon Neulrino Tau Newdri
—_— . A
_ Q 0.800 — 0.844 0.515 — 0.581 0.139 — 0.155
Beckon Muon — |Ulze = | 0.229 — 0.516 0.438 — 0.699 0.614 — 0.790
sn 105.7 Ly 0.249 — 0.528 0.462 — 0.715 (.595 — 0.776

Teilchentee, 18.5.2017 Florian Goertz




Basic Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses
and in CKM matrix ...

.. can be addressed via ‘horizontal U(1)  symmetry:

e = Froggatt-Nielsen mechanism: NPB 147, 277,...

E E
» E g
s B
g ® 8

V{ : i] + SM LH and RH fermions feature different U(1), charges
77« Mass terms only after U(1),, broken via VEV of scalar field: flavon @

tr, ) heavy Q QL
-—-u-—]--_r-.-—-.--.--.r-.--a_- ,
—ul; ' ! ' | | lq]i # —[ul;
| | | | |
U(1), charge ] | I | |
X X X & X
A X
Insertions of VEV (@) = vg > 0 (H) =v=174GeV

Qu1), (®)=—1 e\isuppressiom by ve/mg < 1:\

Teilchentee, 18.5.2017 Florian Goertz



Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses and in CKM matrix ...

wi .. can be addressed via horizontal U(1)  symmetry:

‘ Froggatt-Nielsen mechanism: NPB 147, 277,...
. 4 "-——l-—]-"-—---r---------l---"-—- ‘)-__—.T—_—.,_—.,_.—.,__I.,_ T > A
mifgga —[u]; | | | | | lq): # —[ul;
B il A X ]} + + + +
Vekm ~ A i » i I | | |
-3 =2 W X k >£< @ >l<

Integrate out heavy Q — ﬁ — aw QzUC ((D/A) +[ul; 4+ ... | Flavon @

mg ~ A2 ve

1 0(1) coeFﬁc:emt all flavor structure comes from

Yukawa couplings ‘ y,}}’d’e = a%’d’ee[l’]iHR]jJ € =vg/A (

= [u];, [d]; (quarks)
[e]; (leptons)
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Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses and in CKM matrix ...

. can be addressed via horizontal U(1), symmetry:

Froggatt-Nielsen mechanism: NPB 147, 277,...

e %
~[ul; | | | | | lali # —[ul;
} 4 } 4 ;
X X X X X

Yukawa couplings | y;"j’d’e — gubelLli+[R]; |

det o™ msp Hierarchical structure:
-, = — L L A
o V2 ’det a&n_l)’ myfmyj ~ PRIl (Rl
e =vp/N~)X~0.23
(]\/[. )21 (a )13
‘ Uf = (uf>’bj €|[L]Z_[L]]| ! (]w;)n (a;)sz Ve 3 Y
. (My); (ay)
LH rotations up=|—E 1 ks _ T ~ lL]i—[L]]
ST Oeem Y, W
O @ < =1 J

(n) .
f

I remove rows + coluwwxsf (M,)i; - minors of ay
with i,j>n from ay = (a;;)
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Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses and in CKM matrix ...

. can be addressed via horizontal U(1),, symmetry:

Froggatt-Nielsen mechanism: NPB 147, 277 ,...

", —— ] J‘"‘I""“‘”“"‘I‘"“""“‘I—"—QL'
—[ul; | ! | | | gl # —[ul;
: . } } }
X X X X X

m [
Yukawa couplings (y,z.“‘j’d’e — a;’;d’ee[L]iHR]jW ( c @ )
2 B

m (GeV] l
| t Hierarchical structure:
Iy ‘mi/m; ~ eLlitIRli—[L]—[Rl;]

~ G[L]i[L]k]

(Fit to fermion masses
and mixings — [L];, [R);

VCKM uncertainties due to a,{j,

7:1 \_ overall normalization J

—
| |
oy
> #
|
= = >
N
- >, >
\_.___/
c )
Mw
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Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses and in CKM matrix ...

wi .. can be addressed via horizontal U(1)  symmetry:

Froggatt-Nielsen mechanism: NPB 147, 277 ,...

7d76 — u>dae€[L]z+[R]jW

l Naturally realized in warped
Hierarchical structure: extra dimensions/composite Higgs
[L]i+[R]i—[L]j—[R]j]

mifm; ~ e

e=ve/N~ A\~ 0.23

g

Mw

(Verm) ;i
N 7:1

~ G[L]i[L]k]

— f.~0

Yy~ fCLfCR
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Strong CP Problem

/\/\/hy is the coeFﬁ'ciemt of the gﬁ opemto?

Lsv D «9 o GGMVG”W so tiny?
N

_

¢ Limits on Neutron EDMs:
d, ~ 3.6 X 10_169_ecm — |§| SJ 10—10
d,| < 2.9 x 107%%ccm (95%CL)

Crewther, Vecchia, Veneziano, Witten, PLB 88, 123-127 (1979)
Baker et. al., hep-ex/0602020

¢ 0 receives (0(1)) contributions from two different sectors:

O =06+ arg det(M,My) 6] <10 10 —>

Theta-vacua of QCD Electroweak Sector

' Fine-tu Vu'mg\

_problem!

No anthropic reasoning or the like:

0 ~ 0.01 would be perfectly fine

Teilchentee, 18.5.2017 Florian Goertz




Peccei-Quinn Axion Solution

N

/\/\/hy is the coefficient of the gﬁ opemtow

_« ~ '
Loy DO —SGW,,G’C’LW so tiny?
N 87'('

_

¢ Promote 0 from parameter to dynamical variable: ) :
axion a= PNGB of spontaneously broken U(1),, symmetry o~ %em/ ﬂ

AN

— solves strong CP problem:

as =~ as a =~
[ [ J—
¢ 53‘908 GG—|—4 N-GG

Potential induced by QCD instantons

— minimum CP conserving (a) = —af/(2N)0y — GG term vanishes
Peccel, Quinn, PRL 38, 1440, Vafa, Witten, PRL 53, 535

¢ axion coupled to GG via chiral anomaly S il r —>a GG
i \ -00".\[‘):""00:.0!3‘

elsse

Wilczek, PRL 40, 279 (1978), Weinberg, PRL 40, 223 (1978)
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A Unified Solution: The Axiflavon

¢ Can both frameworks be unified: 'single' solution for two problems?
U)o Uy,

=) embed axion and flavon in same complex scalar (single U(1))

_ L ia/ve
) \/5(’0(1) —|—@)6 .

axiflavon

don't gauge U(1),,
of FN mech. ...

flavon
Calibbi, FG, Redigolo, Ziegler, Zupan, PRD (1612.08040)

-

Solves strong CP problem: axiflavon = axion + solves flavor puzz(e\

\ /

me ~ O(ve) flavon heavy — integrate out
12

fa

di Cortona, Hardy, Pardo Vega, Villadoro, 1511.02867

Mg = 5.7 peV (1 > < mg  axiflavon = light PNGB, small mass induced by anomaly

fa = U<I>/2N see also: Ema, Hamaguchi, Moroi, Nakayama, 1612.05492,
Wilczek, PRL 49, 1549 (1982), ...
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The Axiflavon: Very Predictive

(I)_T Vo _|_U /’Uq> EZCL;,UJJ QZUJCH((I)/A)[QL—F[U]J N
f ax:Flavom
flavon

non-universal (generation-dependent
charges) - FCNCs

( u,d,e o v ’U,,d,\
Ny ®e = (L] + [Rly) oy

( _\J
/ af f — )\Z-jan-ch

* axiflavon couplings to fermions

u,d,e ___wu,d,e [L];+[R];
wdie _ guudie L]+
xifl couplings to gluons/photons £D 66 + L aen a
« axiflavon couplings to gluon oton —
ping ' 87‘(‘ fa N Sr fa
N = color anomaly
E = electromagnetic anomaly Nogy = TrA @ pg
fa = U@/ZN E = TrQPQng
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The Axiflavon: Flavor Constraints

(I)_T Vo _|_U /’Uq> EZCL;,UJJ QZUJCH((I)/A)[QL—F[U]J N
f ax:Flavom
flavon

non-universal (generation-dependent
charges) - FCNCs

/ af f — )\{jaFiFf

« axiflavon couplings to fermions

~

= i([LLi + [Rly) o—uis™

* strong bounds from Kaon Physics (asdtransitions):

m m2
F(K+ — 7r+a) ~ &TK’)‘gl + )\ ’2B2 (1 — —2) stringent limit: BR(K+ — 7T+CL) < 7.3 10_11
m Mk E787, E949
1 P p A Kamenik, Smith, 1111.6402
= S+ 5| < 14-1077
define |\ + A% | = 2k4gv/mams/ (2N f,) == fa > N x 7.5 1010 GeV (M < Ff:fd X 7.6-1075 V)

h

O(1) [model dependent]

NAG2: O(10) improvement
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The Axiflavon: Flavor Constraints

(I)_T Vo _|_U /’Uq> EZCL;,UJJ QZUJCH((I)/A)[QL—F[U]J N
f ax:Flavom
flavon

non-universal (generation-dependent
charges) - FCNCs

« axiflavon couplings to fermions

Lass = )\{jaFiFf

~

A = (L) + (Rl =yl

» further bounds from B-Physics (abs transitions):

- +.\ ~ B yd a2 K2 ms_\ _ mk °
(BT = K a)—647T’)‘32+)\23 (fo' (0)) 1 >

mpy — Mg

define ‘)‘g2 + )‘g;‘ = 26psy/mems /(2N fo) = BR(BT — KTa) $107%°% — m,

Belle-11

< N 10712 e\ﬂ

Kbs J

« Axion couplings as window to flavor dynamics (Kaon decay part. interesting)

£ (0) =0.331
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The Axiflavon: Photon Couplings

1
_ /’U<1> L [q)i+[ul;
i 7 (ve + @)e L=ay; QUSH(®/A) T+
F(a\tom ax:Flavom
e axiflavon couplings to gluons/photons £ D) ——GG B dem ﬁFFW
l ping 4 : 8T fa N 8r f, fa =ve /2N

4 1 'NE determined completely in o
E = Z 3 (lg]i + [u];) + 3 (lgls + [d]s) + [l]s + [e]i  terms of U(2), charges ) ‘:\;)\\r -

det My det myg = g v°

« Can be directly related to fermion mass matrices: A

Froggatt, Nielsen: NPB 147, 277,.. det mq/det me = ag SN-E
U @ —/ e
6 —20 ~ f (
det m,det mg/v® ~ 5-107%Y; det mg/detme ~ 0.7 = [ ~ 8/3N g = det a,det ag
Masses at p=10° GeV from Xing, Zhang, Zhou, 0712.1419 Olde = det ad/det e

» somewhat similar to DFSZ axion
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The Axiflavon: Photon Couplings

1
_ ia/ve L [q)i+[ul;
¢ fku L =al QUSH (®/A) NI
F(a\tom ax:Flavom
- axifl i luons/photons £ D et 28 O FFW
axiflavon couplings to gluons/photons D S_WE N 3n E fu = ve/2N
1
9 Z 2[q] [d];
Z 4 1 'N.E determined completely in
E=>) - + = ([q)i + [d)s) + [i + ] terms of U(2), charges

« Can be directly related to fermion mass matrices:

E 8 5 log 3222? — log avge jai;| € [1/3,3] 94.3.0 [10,2.2] mg
_ = - — | _— . . a €
N 3 log det nget mgq log oy aq.an, \N S [ ) ]/7 \g Y 1016 Iue\f

. . . o, . 1 »
Rather sharp prediction for photon coupling, not too sensitive to O(1) changes in a, LD >garqaF F

(nor to explicit charge assignments)
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Axiflavon in the Sky: Dark Matter

- U(2),,~breaking before inflation — vacuum realignment mechanism

e 7/6 N
QDMh2 ~ 1 X 10_7 (ﬂ) 92

m
a Y, \

misalignment angle

— axions as cold dark matter

A

~

* Require Qpyh? =~ 0.12 = always possible (with 0<n) if My <1075 — 1046V

V V
] \ / ]
T > 1GeV T <1GeV

vacuum Vea(lgmmem‘: Sandbox Studio, Chicago with Ana Kova

axion-string density diluted by inflation
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Summary of Constraints

Primakoff production of a in core of SN: ¥+ Ze <> Ze + a,
converted to photons in galactic B field — gamma rays
(SMM satellite)

Telescopes, searching for
irregularities in y-ray
spectrum (y-a oscil.)

Primakoff a losses affect stellar
evolution (Globular Cluster)

1073 1072 10! 100 0/
-9 r T T | i T T
. | N
a affects gravitational wave | i K | :
o ) ! 3 ! - H : 1 Superradiance
emission of rotating BH 101+ 2 | | 55 X | | 2SNI1987A
(rotating BEC of axions), i i T 5 3 HESS., Fermi-LAT
) i ) ot 13 ! | :’ 1 i 4 Globular Cluster
imprint in spin vs. mass plots > 1077 | | 1 I 5 ADMX
L : i i o o 6 White dwarts
o) | i i }
= 1075 : ! 0
= ! 1 r K*> ata |
i = .. . (St " : ADMX=II W\I'C.V'OWaV6 sigmal l'.V\
50 10-17 _____:_‘_‘:: ______ ! ADMX—HF cavity (strong B-field)
' CASPLr-11 <— magnetic resonance exp.
------- 1 . . . .
- L 1 ! [AXO < axion helioscope (a->y in B-field)
_19 --------------- il -
10 I : OURAEN < magn. flux in superc. loop
| KSVZ+DFSZ : ABRA-Broad
I | Axiflavon :
1072 ¢ I : V\
10 -8 6 4 =2
b 4 30 { 10 i?) 10 10 a emissions in white dwarfs
Calibbi, FG, Redigolo, Ziegler, m, (e
due to bremsstrahlung —
Zupan, PRD (1612.08040) ‘natural

axiflavon DM

Teilchentee, 18.5.2017 Florian Goertz

aee coupling (WD cooling)

E
KSVZ, DFSZ: |N —1.92| € [0.07,7]

PDG (2010)




The Axiflavon

¢ “»‘StVOV\q CP Prob(ewy‘ ¢ Flavor Puzzle
= | "
T
L F — 866 X ox ox 8 x
\ / L =al QUS H (®/A)itl
Axiflavon & = (v +(g)etalve
V2
109 10 10 410I II10 |
3 B e
¢ Dark Matter / =
§ o P o
e ZR;L,R"Z
Complementary information from flavor, e e
cosmology, axion searches: probing interesting
parameterspace in the future and potentially K+ s ¥ 0 coarch with 4 almost
telling apart general axion solution from axiflavon massless is a new challenge for NAG2

Strong CP <> Flavor « Cosmology
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Conclusions

° Interesting interplay between Flavor Physics, Higgs
Physics, and Cosmology emerges in well motivated
extensions of the SM

¢ Solutions to several problems of the SM at a time!

¢ Corvelations provide new handle to probe BSM
scenarios

© Axion = window to generation of flavor hierarchies?

 Lepton-flavor non universality as a first hint for
compositeness?
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Unveil the Higgs Potential

Very important test of nature: measure Higgs potential

== How s electroweak symmetry broken?

EFT approach: parametrize NP
 generically via operators with D>4

‘/ Validity, see e.g. Contino, Falkowski, FG,
Grojean, Riva, JHEP (1604.06444)

1/ 0
1 o P p) Vi V2 ("7 + h>

SM: 42 < 0 1 (125 GeV)? = self couplings
SM (c,=0): A3p = Aap = m,% / 20>

j % Vacuum Stability “\
* Origin of the Potential (< flavor) )

g \\\\ H
* Dark Matter . —
« Portal =Ry .
. g ¥ &t

* Baryogenesis
\ Hierarchy Problem ... Vi A3n(cg) accessible in Higgs pair production

V(H) = pu |H\2+>\\H\4+ A|Hﬂ

APS/Alan Stonebraker
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http://alanstonebraker.com/

Higgs Potential

* Can also test presence/size of u-term
(significant perturbation from the 5M)

6
V(H) =3 [H? + X H[* + S\ H

‘\/EXZf'I"ZVVlZ ScendV/b, not entertamed b@/‘bl"&'l\ s

* Even u=0 phenomenologically viable?

* Yes! Due to the lightness of the nggs Boson! ~

(h(T2)) qT 21

2 2 A2 2

m 2m3 A A

= —ﬁ ~ —0.13, cgA= 3@2h 3 2 8 S Teve 500 1000 A15'00 2000

FG, PRD (1504.00355) - appropriate 1% order PT possible

=+ Find (approximate) UV completion

' Higgs Physics <> Coswxo(ogy Testable at LHC in hh production!
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New Approaches to BSM Physics

Measuring properties of nature in a general framework is important,
however in the end seek a full model that addresses questions left
open in the SM

¢ Two novel models that address many open questions in a unified way
Calibbi, FG, Redigolo, Ziegler, Zupan, 1612.08040||Carmona, FG, JHEP (1410.8555), PRL (1510.07658)

« Hierarchy Problem: m,, << Mpdu
« Tiny Neutrino Masses
« Hierarchical Flavor Stmcture\; 4
* Dark Matter ¢ SM Lﬂ—

* Trigger for Symmetry - Breakmg Potential ?
* Strong CP Problem -

 Some Hints in Flavor/Precision Physics)
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Backup: 5M, Higgs

The Standard Model of Particle Physics:
renormalizable QFT, defined by...

Higgs field H =(H,.H,)
with non-trivial potential V(H,H>)

SU(3)e x SU(2), x U(1

#
H 1 /".

.. Local 'Gauge' Sqmmetw’es

. , 'Electroweak' Symmetry hidden in
SM SO(MthV\- —> :;! \ gy-ouy\d state

V(Hy,Hy) |

H>

V'is SU(2)r x U(1)y symmetric
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Backup: 5M, Higgs

The Standard Model of Particle Physics
defined by...

expand around ground state:
H =(H1,H2)=( v th i)
SU SU L X U /__,/""l_ T S

4
H, ~

.. Local 'Gauge' Sqmmetw’es

'Electroweak' Symmetry hidden in
ground state

V(H4,H,)
SUB)e x U)par |2 %7 —
W 2 Yukaws e

Gauge Massive coupling to H=(HL, v+h +10)

h: HI'S Boson [
Brout, Englert, Higgs, S

Guralnik, Hagen, Kibble....
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Higgs Mechanism

Analogy: Superconductivity

Anderson '62

* Finite penetration depth of magnetic field
% %/\\L, MeiBner-Ochsenfeld effect

e—
_ N
 Mec

< effective photon mass A
« Cooper-pairs <e"e >£0 — breaking of gauge invariance
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Variety of Models — Effective Field Theory Approach to NP

* NP at A>>Mgy, , not directly accessible El[(‘;gv] y
— described gemewcally by opemtors with d[O] > 4 -
L=LOF + ) 500 : +O(E*/AY) 10" B Mcur

/

local opemtors =LNew Phys:cs\ (SM field content + gauge symmetries)

MNP

NP —=

c.f. multipole expansion, Fermi Theory Validity of SM EFT

|Z] > R 08
’ ¢(~)_i 4 .5 i+lZQ Liy e
Vg \Jal TP R T 2
J 0-2_
{ M d u 0.0
DT P . 1 2 3 4 5 6
T i o 2 - X MdTeY) s X N
— Loj = g —Ci(p)(eve)v_alad)y_a Contino, Falkowski, FG, Grojean,
e 8myy, Riva, JHEP (1604.06444)

+ Handbook of LHC Higgs Cross Sections 4....

> allows for gradual progress: Fermi Theory — SM — 'New SM' Weinberg, Wilson, Callen, Coleman, Wess, Zumino, ...

h=c=1
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‘Higgs Physics’ EFT

* Neglecting operators strongly constrained from precision tests

See e.g.: Corbett, Eboli, Gonzalez-Fraile, Gonzalez-Garcia 1207.1344;
1 Elias-Miro, Espinosa, Masso, Pomarol, 1308.1874;
Pomarol, Riva, 1308.2803; ...

z,:ﬁSM/ (oM HP) — ]S

2A2 Yukawa type

(Agyt‘HFQLHCtR_'_ Azyb\H\ QLH[?R—l— A2yT|H|2[_4LHTR—|—h,c)

[ O{S C g 2 a & C’Y 2 V‘\\ B, Dy N - ¥
H G JGRY 4 H|*>B,,, B"
+ Az 2 "B B e
) CWW
—0 L L
T 1672 A2 Www (_|_ CP + 4f)

Buchmuller, Wyler, NPB 268(1986)621-653 For non-linear realization, see Grinstein, Trott 0704.1505
Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.4884 Contino, Grojean, Moretti, Piccinini, Rattazzi 1002.1011

Teilchentee, 18.5.2017 Florian Goertz




Use The Higgs Sector...

Combine with slide before

.. as a unique window to NP.
s it the SM-Higgs Boson?

Production signal strengths
(SM values of BRs assumed)

ATLAS and CMS Preliminary - ATLAS
LMC Run 1 - CMS
-+ ATLAS+CMS
— : —=+io
e —=20
Kor i
- : SM p-value
S 25%
W =
Ver o ——
By ——
H’ S "0 For, A
H i 2.30 from SM
iy e
n e
e
aalesaadiinl alay 1

Parameter value

Decay signal strengths
(SM value of production o's assumed)

ATLAS + CMS combination

Teilchentee, 18.5.2017

ATLAS and CMS Preliminary - ATLAS
LHC Run 1
" - CMS
. -» ATLAS+CMS
L —z o
_.'-._
T SM p-value
60%
—
——
%-—_
—
-
—.—é
——— -
——
vl alasasls M TS S e
0o 05 1 15 2 25 3 a5 4
Parameter value

Florian Goertz

BRE
o

AKTHRO

THE ¥

UGH
EAR .

S/(S+B) Weighted

One of the biggest
discoveries of mankind

Events / 1.5 GeV

—

E

S

20

B l-(,@:
L K==lH-yy
- is=7TeV L=51M"

b (s=8TeV,L=53m" AN

still least understood...




Di-Scalar Production: hS

mportant probe of (extended) scalar sector: | <b a>s<<£/,<& 5
Associated Production of scalar with Higgs %?S & ,

( . ) smes 1 1 5 .9 s '

— Portal coupling, ...  cLa™> 50uS"S — Syi%S v h,<"
r:'.1." K Ve S . .\ . z|‘9 _i N ‘ // B
To - \(%S)”XQ},Hd%— (yi)" KQLH“%. +h.c. " \\s\\ NN
- B2 (97 BB B" + g* ey WHW, oo
%W A 167TZ g B s g ‘w pv
%o_ 2 S(Wapvpa ( 282\ )\S 84
EU v B IW} - %‘ 4 "\scalar singlet

! Carmona, FG, Papaefstathiou, 1606.02716]

i g —hS —(bb) (%), 95% C.L. exclusion, M =600 GeV, I =1 GeV 12 bh—+ 1S — (BB) (1), 95% C.L. exclusion, A =600 GeV, I'=1 GeV
1 1
10 10
gt 9
8 B~
7t 7E ST
6 6 T el
sE 0 Seeean e on-shell yy SES e e e e e
iBae o tEmmeoweema o _ dhs o
3} R 3-body decay 3 \\
2 2r e
o 1r w 1 L L T Ty
= 0 =0
*E“ -1} ~ -1
-2t -2
-3 =3
[ s
AT
=SEE e sme ST -
-8 Lo assumed
_g' o(pp— S —vyy) =101tb

1000 2000
Integrated Luminosity [fb '] Integrated Luminosity [fo ']

motivated by S=S(750), however rather general analysis ws-
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EFT Approach to New Physics

* Full set of non-redundant operators (i.e., basis):

59 D=6 operators (24949 including full flavor structure)

[assuming B&L conservation] Buchmuller, Wyler, NPB 268(1986)621-653
Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.48 84

X3 p® and *D? 2ia® .
PN R T i Alonso, Jenkins, Manohar, Trott, 1312.2014
Qs | ABEEREEGT | Qun (wheiO(ete o (1) (3t 7)
Qw | AW | Qup | (¢ D49)" (D) || Que | (&7 lotheip) (LL)(LL) (RR)(RR) (LL)(RR)
Qw | KWW rwEe (Ll (L) Qe (B8 ) (Eer) O (L7l ) (€ er)
X2p* Xy it D (Gp1utr (e 4e) Jun (it ypctir ) (Ha7 ) Qe (Lprade ) (e 11y
Qoc oo G, GAme Qaw | (o™} oW/, Q:__'I-] (%1 }j“ eHly™l) (prurle) (@ e) || Qu (dpyudy) (day*dr) Qi ({pvule ) (devdy)
Qo | ¢elaew | Qu| (Gewe)eB. | QY | (WiDIe)G i) L) @r's) || Qu | Ewed@atn) | Qu | (Gut)(Ee)
Quw | ¢l WLWI | Que | (G T4u, )@ Gy, Q (eti D ) (e, G )@ a) || Qut (Eomer) (') | Qi | (@) (B ) ’
Qu | deWLWm | Qur | (o™ u)dWL, | QW | (#'iDue)@e) Q I () (i) | Q' | (T ) (27T ) o CO V\StVa l n
Qon ol By B Qui | (@0™u)3Bw | Q2 | (DI o)ar v e Qus | (BT ur)(diy T ) "":f'z-'i (@7uar )7 k) ¢ e
Qo ol B B Qac | @ T2 Gl | Qo [-p?:'fl'# ) (T ur) Q;-;'-' (T T ) (dn* Td,) c 0 e FF l C l e V\'tS OF
Qevp | ¢ eWLB* | Qur | (go™d )T oW, | Qu (¥ D, w)ld,"d,) R a0d LRYER) B-violating
Qs | #reWLB | Quw | @ ioBy | Q| @D Gedda) | e these operators
= (@ur)e(@d) || Qo p
Table 2: Dimension-six operators other than the four-fermion ones. . W_.’rf' A e (@ TA) (J";Jqq II('Q', ] [(@: ,'f"-'"',“__i .
T Heen@u 0D | empr ” [@hTCe] [@myren] [One way to go, given
QR | Bowen)eadabo™ u) | Qan £ [(dg)"Cuf] [(u)"Ce] the lack of evidence in

Tahle 3: Four-fermion operatars. Favoy‘ OF Comcrete W\Od@lS]

For non-linear realization, see Grinstein, Trott 0704.1505
Contino, Grojean, Movretti, Piccinini, Rattazzi 1002.1011
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Di-Higgs Production in full D=6 Extension of SN

hh@14 TeV, L = 3000fb™!, f,,=0.3 gaussian
T 10

. hh@14 TeV, L = 3000fb ', f, =04 gaussian >
‘Many wmore contributions in full EFT... NN DN M |
(V2 N 5 e N j
L e ATER| R
= ) = ) Y :
da-(gg — hh) G%ag ‘ o 9 0z a1 ;A" ~5i " hh@ld Tev, L = Eéoﬂfb . o =0.3 gaussian
_— = C F 1 —2C +c C 3F 3C —C 26 C nni@la 1ev L=:E:JUTD' vigaussan | —
T | 256m)p | [aTa — 2en Tatco) +3Fa(3e =) +2¢,0n st gusagmem T T
0 oY e e e "o
+ CoFo(1 —cg + 2¢) + QCgCD‘ + ‘CDGD) } o R | S
% / ///,‘\ \ sk . "”‘."ﬂ- - - ’:-h-- = . - . . :-"
= Ly

Fa, Papaerf&thiou, Yang, Zurita, JHEP (1410.3471)

/ Expected 1c constraints at the 14 TeV LHC in full model, assuming fy, = 30%

model L = 600 b1 L = 3000 fb~1

cg-only cg € (—0.5,0.8) cg € (—0.4,0.4)

full (future) ce € (—0.8,0.9) cg € (—0.6,0.6)
| FG, Papaefstathiou, Yang, Zurita, JHEP (1410.3471) |

See also Azatov, Contino, Panico, Son 1502.00539
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Di-Higgs Production in full D=6 Extension of SN

Ve

‘Many wmore contributions in full EFT...

- N\ ~N P , R
P | ( L ) / N\ 4 N
)(Lﬁ’)‘ f JK@‘O(EQT B MC\%*L
= ~ ; il
. ; oy
/,)O -Q@ e i%)—— -
s ; o i &
i \ VB < | . ) &
L AN / . J/ )

2 2
GFQS

dé(gg — hh) B
3 prr  206(2m)°

dt

{‘CAFA(l —2cg +ci+c) +3Fa(3c, —c) +2¢,Chn

‘ 2

2
CDGD) }

e CoFo(l —cg + 2¢t) 4+ 2¢,Co| +

e . R »
Need to coms:der; ) .
. . ‘ 2 ) /7 N
light generations: %% - g, -
'!nes’/?/:lk\ov':' 1 ETE G \\ ~NTRO7 e \g N /ﬁr\ﬁf\,\ﬁs{@ s ~
el B R & ) Nl Sy
up hiarm top - )
ﬁwu.—;- =26 Maific TE Gadic? \
9 -9 0
down strange battom
® ..V |. @
lectron muon ta

See also Azatov, Contino, Panico, Son 1502.00539
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Strong Correlation AY — FCNCs

Flavor changing neutral

. 0 [ ] ] ::-.. :imw-.- ::msevc' 807 B!
e.g.: Bounds from K°-oscillation current =gy w
(FCNC) Lo jlem =
10710 | ¥ 10710}
I RN
=~ —12| oo
Eg 10 .3 107124
& E]
10_14‘ o 10—14_
10—16 T S R S R, PSR RS S SR | —16
0.0 0.5 1.0 1.5 2.0 10
| Ya/ VM 1Y/ T3

FG, PRL 113, 261803

5 0.4 < |Yy/YPM| < 1.7 = Best handle on ¥,

!
o Iy ‘Motivated to neglect them

z/{

[Need to consider light gememtions?]

|Higgs-Matter coup(imgs\ < F(avor—Pb\ysics
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Enhance Sensitivity: Consider Distributions

* Optimize hh analysis to kinematical properties of

[Collaboration with Experimentalists started (CMS)]
! Dall'Osso, Dorigo, FG, Gottardo, Oliveira, Tosi, 1507.02245 (JHEP):\

0.05 K

700 600 800
mhh [GeV/c?]

* Huge task to probe full parameter space!!
— Cluster with respect to resulting distributions...

: |

Leading contributions to unravel V(H)

Still a lot to explore .

in the future! .
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Higgs-Pair Production in 9g9-fusion

EWSB — Relevant Terms: T —~
2 gy, 4
Lpp = — 1 —=cyg +ce h T,
2 i 2 & By &
A8 VAN ) N\ /
e 2 /. N ‘ I /
N Qs Cy E h G, G“”
Arm Tz ) ..
| | v % )
c/ - \
{ (1 h h. s T
= —+ct) frtrh + c}
2 M\SI ] 44) >
\ = /

m (B F ety [ a
— [\’UZ ( 9 — 9 )tLtRh hC] F

C; —>C¢A2/’U2
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Higgs Decays in D=6 EFT

Mode tree 1 loop QCD 1 loop
- N
h — bb CH, Cp CF CH , Ch, Ct, C, CW
h— 71T CH, Cr / CH,Cr,Cq, CW
L )
h — vy Co Loop + 1/A* suppressed wrt SM CH 3 Cp, Ct, Cry CW
h— WW CH ., CHW €W - CH , CW , €h, Ct, Cr, C6
~ Va
99 — hh Cy Ct, Cp Ct, Ch, CII:-\\E'@
g9 — h \Cg Ct, Ch, CFI Ct, Cb ;CH
Bold coefficients included in FG, Papaefstathiou, Yang, Zurita, 1410.3471 Don't include suppressed (loop)

operators in loop topologies

Focus on |
hh — bbr T~ mm) 6 Parameters: {cg, Cpr, Ct, Ch=Cr, Cg, c,y}
@LHC14 Unique accessibility in hh production!

OW,B,HW,HB c Oww
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New Physics

in HH Production

SUPERSYMMETRY
e SUSY
S R
L W ) remi— e @ e [
Standard particles SUSY particles
g Lk sl
{F’
t.h - L
h.H | s,
g “h =" h
o e cosa
Ao = 3cos2asin(3 +a) +3— —— cos”a,
my sin 3
) : € sina
A = 2sin2asin(8+ a) — cos2acos(0 + a) + 3— cos”

mi sin /3

case | model | tang | my (GeV) | A (TeV) | p (TeV) | & (b) | dominant mode
2 MSSM 3 100 +1 —1 20) gg — hh
3 MSSM | 50 105 +1 +1 5000 gq — hh
4 SM - 105 - - 40 gqg — hh

Plehn, Spira, Zerwas, ph/ 9603205,
Djouadi, Kilian, Muhlleitner, Zerwas, ph/a904287,
Lafaye, Miller, Muhlleitner, Moretti, ph/0002238,

Cao, Heng, Shang, Wan, Yang, 1301.6437, ...
Teilchentee, 18.5.2017

QI.'

» Composite Higgs

composite
elementary

S=US,, U=¢thl’
4.0 ' -
excluded @ 7 TeV &E=0.25sin¢;, <05
. 3.8 * tested @ § TeV
%‘ 2 P o allowed
%T‘\ 5 o

Neveus / 300 fo7'

8

Gillioz, Grober, Grojean, Muhlleitner, Salvioni, 1206.7120,
Contino, Grojean, Moretti, Piccinini, Rattazzi, 1002.1011,
Grober, Muhlleitner, 1012.1562,

. C(rzfxtimo, Ghezzi, Moretti, Panico, Piccinini, Wulzer, 1205.5444-, ...
Florian Goértz




BackuP: The H-Potential

)\|H| enters Higgs potential == self couplings

A
th)::%;(zhv4-h2) Z(4ho® + 6h%0% + 4h%0 + )

o)
§A2(6hv 1 15R20% + 20303 4 15h%02) +
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©

* Again compensation of effects from different operators possible

— range for ¢, depends significantly on other coefficients

Teilchentee, 18.5.2017

gaCkUP.' 69‘66

hh@14 TeV, L = 3000fb ', f,,=0.3 gaussian

2.0 Pt : 1.0
: 1
1 0.9
1.5+ o e !l @,
! 1
: 1 0.8
1.0 e _©° ° e, o:
¢ - ’
I N ‘ ,' 02
0.5t {'d e um " e Te
| ! SO ' 0.6
! |
1 #i i
0.0- ‘e fov % @ I o 0.5
* i
t “ : 0.4
—0.5} o ¢, o, '
S oo !
0.3
—1.0 o
H40.2
~1.5}
H0.1
—-2.0 ! ! L ! ! 0.0
—0.4 —-0.2 0.0 0.2 0.4
C
g
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Backup: hh @ LHC

* Most important mechanism: g8 — hh
9 DO000000) +H 9 DO000000) < -—-———H
Ve
Q\r — —</ qW A
N
9 O000000 “H 9 DO000000 > ~—-—-—- H

Eboli, Marques, Novaes, Natale, PLB 197(1987)2649 J(gg —> hh)LO ~ 17 fb
Glover, van der Bij, NPB 309(1988)282

Dawson, Dittmaier, Spira, PRD 58(1998)115012 J(gg — hh)NLO ~ 331b
Grigo, Hoff, Melnikov, Steinhauser, 1305.7340

de Florian, Mazzitelli, 1305.5206, 1309.6594 O'(gg — hh)NNLQ Y 40 fb

see also Maltoni, Viryonidou, Zaro, 1408.6542

Theoretical error (NNLO): fy, ~ 10% (scale) + 10% (pdf+og) + 10% (m¢

LHC@14TeV
my, ~125 GeV
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Backup: The Higgs Potential

V(h) = asin®(h/f.) — Bsin*(h/fr) cos*(h/ fx)

u EWSB : a — 8 = —28sin*(v/ f5) \

v~ 246 GeV

o A=l 27/02]
— general tuning: AT~ 2 £~ 1TeV

(a priovi)

my = — cos2(v] f) sin(v/ =) B

2 /
f7T - ﬂgauge ~ (
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Observed T quark mass limit [GeV|

19.5 fb!
BR(tH)

8 TeV

s

BR(bW)

CMS
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Backup: Impact of Leptons

Motivation for large representation: 14 ?

* Tiny neutrino masses — seesaw

s Type-Ill: bp~1_1,1p ~2_1/2, Xr ~ 3

/ N\

(] Al A A I e
o 1@ ( To[+, =] Y5 [+, -] ) ’ ( Z’it j Y;;%/[[j: _% 1(;25///{:_}

* Unification of RH lepton sector,

compositeness dictated by seesaw!! mymcHM!L
No such unification possible with type-I
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Backup: (Indirect) Signatures

of Composite/Warped Models

* Interesting signatures in Higgs Physics
and Flavor Physics (3" generation!)

/cow\.,'aos:'te
v/ fo o~
y/.fﬂ' (/ h, w

SO(5)— SO(4
10°F Qé Ly + ﬁ (@:Q; (2 Q) | F(avor
104--
& B -« Provides portal to very high energies!
10°F * Closely related to Higgs Sector
NeMbe"‘t) 10'F . b — ] 2575 (e — u)
E P S 2011 L Alm;\-.. c.;‘- .fl:n.d,sin)'zd A\m‘._;li.,._ :3—!;

Teilchentee, 18.5.2017 Florian Goertz



