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|
Outline: accessing the EWSB mechanism

® Higgs boson discovery — A particle directly related to the EWSB.

Its study is an alternative to the direct seek for new resonances.

® Huge variety of data — Higgs analysis, TGV, EWPD...

® Decipher the nature of the EWSB mechanism — deviations, (de)correlations between
interactions, special kinematics, new signals

Studying the Higgs interactions may be the fastest track to understand the origin of EWSB.
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Outline: accessing the EWSB mechanism

® Higgs boson discovery — A particle directly related to the EWSB.

Its study is an alternative to the direct seek for new resonances.

® Huge variety of data — Higgs analysis, TGV, EWPD...

® Decipher the nature of the EWSB mechanism — deviations, (de)correlations between
interactions, special kinematics, new signals

Studying the Higgs interactions may be the fastest track to understand the origin of EWSB.

Outline
Indirect approach Linear: TGV « Higgs physics
EFFECTIVE LAGRANGIAN
Model independent - APPROACH! - Non-linear: decorrelation,
parametrization alternative signals
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:

Leg = flon

® Particle content: There is no undiscovered low energy particle.

Observed state: scalar, SU(2) doublet, CP-even, narrow and no overlapping resonances.

® Symmetries: SU(3). ® SU(2)r ® U(1)y SM local symmetry (linearly realized).
Global symmetries: lepton and baryon number conservation.

! Non-linear CP—odd— arxiv:1406.6367.
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:

Leg = flon

® Particle content: There is no undiscovered low energy particle.
Observed state: scalar, SU(2) doublet, CP-even, narrow and no overlapping resonances.

® Symmetries: SU(3). ® SU(2)r ® U(1)y SM local symmetry (linearly realized).
Global symmetries: lepton and baryon number conservation.

59 dimension-6 operators are enough... (Buchmuller et al, Grzadkowski et al)

o Reduced set considering only C and P even'.
o EOM to eliminate/choose the basis.
o Huge variety of data to make the choice and reduce the LHC studied set: DATA-DRIVEN.

! Non-linear CP—odd— arxiv:1406.6367.
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Effective Lagrangian for Higgs Interactions

The right of choice

Higgs interactions with gauge bosons?:

Ogg =ote i, gomv oww =etWw,, wre | Opp =@ B, B*® |
Opw =@ B, W | Ow = (D,®)TWH” (D, @) , Op = (D,®)'B"(D,®) ,
0p,1 = (Du®)f 2ol (DFe) |, 0po=L1oH (<1>T<1>) A, (q>f<1>) . Op.4=(D.®) (DF®) (<I>T<I>) ,

Higgs interactions with fermions:

<> <>
7 1 . 7 3 . 7
Ocaij = (@1 ®)(Liken)) O ;=@ (Du@)(LinhLy)  OF) ;= T (Liv oal,)

Outij = (@1 ®)(Qidury) 04 i; = *F(Du®)(Qi"Q;) 0% ;=21 (iDL ®)(Qir" 7 Q)

Oupij = (21®)(Qi®dR;) OF), = ol (Du®)(er; 1 er;)
1 . _
Of.5 = ¥ (D) (@r; 2 ur))
08 ;= 21D, ®)(dr, 2" dr,)
- >
ol

wud,ig = 2 (Du®) (@R, v dR)

In the absence of theoretical prejudice chose a basis where the operators are more directly related to the existing data

N ’ N
Du® = (0 +i39 By + igaTanf) P, By = i% By, Wyo = 1§00 Wi,
Johns Hopkins 2014
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Effective Lagrangian for Higgs Interactions

The right of choice

Higgs interactions with gauge bosons?:

Ogg =ole o, G, oww =etWw,, wre | Opp =@ B, B*® |
Opw =B, Wrre | Ow = (Du®) W (D, @) | Op = (Du®) B* (D, @) |
0p,1 = (Du®)f 2ol (DFe) |, 0po=L1oH (<1>T<1>) A, (q>f<1>) . Op.4=(D.®) (DF®) (<I>T<I>) ,

Higgs interactions with fermions:

<> <>
7 1 . 7 3 . 7
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Effective Lagrangian for Higgs Interactions

The right of choice

Higgs interactions with gauge bosons?:
Ogg =ote Go, G, Oww =W, WwHe Opp =o' B, B |
Opw = ®'BL,WH'a Ow = (Du®)WH (D, 2) Op = (Du®)T B (D, @) ,
Og1 = (Du@)t @@l (DHe) | Opp=L0" (eT0)0, (o) , Opu=(Duo)f (DHe) (2t) |

Higgs interactions with fermions:
>

<>
7 1 . 7 3 . 7
Ocaij = (@1 ®)(Liken)) O ;=@ (Du@)(LinhLy)  OF) ;= T (Liv oal,)

Outij = (@1 ®)(Qidury) 04 i; = *F(Du®)(Qi"Q;) 0% ;=21 (iDL ®)(Qir" 7 Q)

Oupij = (21®)(Qi®dR;) OF), = ol (Du®)(er; 1 er;)
Of.5 = ¥ (D) (@r; 2 ur))
o8l = @1 (iD,,2) (7" dn;)
Ofblqzd,ij =&, @) (@R, 1" dr;)

In the absence of theoretical prejudice chose a basis where the operators are more directly related to the existing data

iz
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Effective Lagrangian for Higgs Interactions

The right of choice

Higgs interactions with gauge bosons?:

Ogg =ote i, gomv oww =etWw,, wre | Opp =@ B, B*® |

Opw = ®TB, WH'a | Ow = (D,®)TWH” (D, @) , Op = (D,®) B"(D,®) ,

0p,1 = (Du®)f 2ol (DFe) |, 0po=L1oH (<1>T<1>) A, (q>f<1>) . Op.4=(D.®) (DF®) (<I>T<I>) ,
Higgs interactions with fermions:

<> <>
7 1 . 7 3 . 7
Ocaij = (@1 ®)(Liken)) O ;=@ (Du@)(LinhLy)  OF) ;= T (Liv oal,)

Oupij = (218)(Qsbup,;) 0§ ,; =21, 8)(Qiv"Q;) 08 ,; =2 (DU Qi 5aQ;)
>
Ouaij = (@1 @)(Qi®dR;) 0F) ;= @@, ®)(er,v"er,)
<>
Of.5 = ¥ (D) (@r; 2 ur))
08 .= ot (iD,, @) (AR, 1" dR)
- >
ol

wud,ig = 2 (Du®) (@R, v dR)

In the absence of theoretical prejudice chose a basis where the operators are more directly related to the existing data
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Effective Lagrangian for Hig

Interactions

The right of choice

Higgs interactions with gauge bosons
Ogg =ote i, gomv
Opw = @B, WH'e |

Op1 = (D,@)F @@t (DFe)

Higgs interactions with fermions:
Ocap,ij = (<I>Jr<1>)(ii<1>€Rj)
Ousp,ij = (‘PT(I’)(Qi(i’uR]»)

Ous,ij = (21 ®)(Q;®dR;)

2:

oww =etWw,, wre | Opp =@ B, B*® |

Ow = (D,®)TWH” (D, @) , Op = (D,®)'B"(D,®) ,

Op = Lor (q)‘q») Oy <¢,-r¢) . Og.4=(D,®) (D) (qv'rp) ,

Aad <+
‘9;112,1-]- = <1>*(iDﬁ)<I>)(En“Lj) Ogl)l,ij = i’f(iD:,:@)(Eiﬂ/“aaLj)
OEI’IC)QJJ’ = q)T(i?_i‘q))(Qi'yqu) 051322,7’,_7‘ =of (iDaLL(P)(Qi’YMUan)
of) .= @T(wﬁ;t)(aRﬂHeRj)
O<(I)1u)” = ‘PT(iDA‘?)(ﬁRiW“uRj)
O<(I>1d),ij = ‘PJF(?D;:;I’)(JRI-’Y“de)
Ofbl'zzd,ij = éf(iDuq))(ﬂRi’Y”de)

In the absence of theoretical prejudice chose a basis where the operators are more directly related to the existing data

~ ’ ~
9. +ilg'B + igaTaW;f) @, By = i% Buy, Way = i 00 WS

2 v
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Effective Lagrangian for Higgs Interactions

The right of choice

Higgs interactions with gauge bosons?:

Ogg =ote i, gomv oww =etWw,, wre | Opp =@ B, B*® |
Opw =@ B, W | Ow = (D,®)TWH” (D, @) , Op = (D,®)'B"(D,®) ,
0p,1 = (Du®)f 2ol (DFe) |, 0po=L1oH (<1>T<1>) A, (q>f<1>) . Op.4=(D.®) (DF®) (<I>T<I>) ,

Higgs interactions with fermions:

> >
Fay(T 1 ) - 3 ) -
Oca,ij = (@1®)(LiPer,) o8} .= @f(mﬁé)@m%j) o) .= @T(zDiﬁ)(Lm“aaLﬂ

Outij = (@1 0)(Qidur,) 05 5; =+ @Du®Qin"Qy) 05y ;; = 2N D4 #)Qi" 00 Q)

Oupij = (21®)(Qi®dR;) 0F), = ol (Du®)(er; 1 er;)
1 ) _
Opuij = 2 (D ®) (iR v ur,)
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- >
o

wud,ig = 2 (Du®) (@R, v dR)
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Effective Lagrangian for Higgs Interactions

The right of choice

Higgs interactions with gauge bosons?:

Ogg =ote i, gomv oww =etWw,, wre | Opp =@ B, B*® |

Opw =@ B, WH'e | Ow = (D,®)TWH” (D, @) , Op = (D,®)'B"(D,®) ,

0p,1 = (Du®)f 2ol (DFe) |, 0po=L1oH (<1>T<1>) A, (q>f<1>) . Op.4=(D.®) (DF®) (q>fq>) ,

Higgs interactions with fermions:

>

>
Ocaij = (@1®)(Li®er)) 0§} ;= qﬂ‘(z/)gbxiwﬂ L;) O;SL)J.] = ‘DT(ilﬁld))(lj,,’y“’cra L;)
Ous.ij = (212 Qidury) 04 ;= 2T Du®Qin" Q) OG5 = 2T (D5 2)(Qir"0aQ;)
Ous,ij = (@1 8)(Qidry) 04 ; = 1Dy ®)(En, 2" en,)
Ofpiiy = @ (Du®)(r 7 ur,)

1 .. _
Ol(bd),iy = of (iDp®)(dp,v*dR )
) >

1 x _ .
szid-,u = 21 (DuP)(ar, ’Y’ldRJ )

In the absence of theoretical prejudice chose a basis where the operators are more directly related to the existing data

~ ’ ~
8, +ilg' B + ig%awg) ©, Buy = 1% By, Wyy = 1508 WE,
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Effective Lagrangian for Higgs Interactions

The right of choice

Higgs interactions with gauge bosons?:

Ogg =ote i, gomv oww =etWw,, wre | Opp =@ B, B*® |
Opw =@ B, W | Ow = (D,®)TWH” (D, @) , Op = (D,®)'B"(D,®) ,
0p,1 = (Du®)f 2ol (DFe) |, 0po=L1oH (<1>T<1>) A, (q>f<1>) . Op.4=(D.®) (DF®) (<I>T<I>) ,

Higgs interactions with fermions:

<> <>
7 1 . 7 3 . 7
Ocaij = (@1 ®)(Liken)) O ;=@ (Du@)(LinhLy)  OF) ;= T (Liv oal,)

Outij = (@1 ®)(Qidury) 04 i; = *F(Du®)(Qi"Q;) 0% ;=21 (iDL ®)(Qir" 7 Q)

Oupij = (21®)(Qi®dR;) OF), = ol (Du®)(er; 1 er;)
1 . _
Of.5 = ¥ (D) (@r; 2 ur))
08 ;= 21D, ®)(dr, 2" dr,)
- >
ol

wud,ig = 2 (Du®) (@R, v dR)

In the absence of theoretical prejudice chose a basis where the operators are more directly related to the existing data
TGV,

N ’ N
Du® = (0 +i39 By + igaTanf) P, By = i% By, Wyo = 1§00 Wi,
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Effective Lagrangian for Hi Interactions

The right of choice

Higgs interactions with gauge bosons?:

Ogg =ote i, gomv oww =etWw,, wre | Opp =@ B, B*® |
Opw =@ B, W | Ow = (D,®)TWH” (D, @) , Op = (D,®)'B"(D,®) ,
0p,1 = (Du®)f 2ol (DFe) |, 0po=L1oH (<1>T<1>) A, (q>f<1>) . Op.4=(D.®) (DF®) (<I>T<I>) ,

Higgs interactions with fermions:

<> <>
7 1 . 7 3 . 7
Ocaij = (@1 ®)(Liken)) O ;=@ (Du@)(LinhLy)  OF) ;= T (Liv oal,)

Outij = (@1 ®)(Qidury) 04 i; = *F(Du®)(Qi"Q;) 0% ;=21 (iDL ®)(Qir" 7 Q)

Oupij = (21®)(Qi®dR;) OF), = ol (Du®)(er; 1 er;)
1 . _
Of.5 = ¥ (D) (@r; 2 ur))
o8l = @ (D, ®)(dn; 7" dr,)
ol

wud,ig = 2 (Du®) (@R, v dR)

In the absence of theoretical prejudice chose a basis where the operators are more directly related to the existing data

TGV, Z properties, W decays, low energy v scattering, atomic P, FCNC, Moller scattering P and et e~ — #f at LEP2 and

tree level contribution to the oblique parameters: must avoid blind directions.

2 ) ] N o . '
Du® = (0, +i%9 By +ig % W) ® By = i% By, Wi = i 500 W,
Johns Hopkins 2014
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Effective Lagrangian for Higgs Interactions

The right of choice

Higgs interactions with gauge bosons?:
Ogg =ote Ge, Gguv Oww = &'W,, Wre | Opp =@ B, B |
Ow = (Du®)TWHY (D, @) | Op = (D)t B* (D, @)

Os > = 3or (¢12) 0, (o) |
Higgs interactions with fermions:

Ocq,33 = (‘?T@)(Es‘beRg_)

O4p,33 = (212)(Q3®dR3)

In the absence of theoretical prejudice chose a basis where the operators are more directly related to the existing data
TGV, Z properties, W decays, low energy v scattering, atomic P, FCNC, Moller scattering P and et e~ — #f at LEP2 and

tree level contribution to the oblique parameters: must avoid blind directions.

2

D@ = (8, +1293“+zg"awa)q> By =i% B,W,W“,,:z AW

iz
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Effective Lagrangian for Hig

Interactions

Effective Lagrangian for Higgs Interactions

asv fg fao,2 fB f f fw f fbot
Lot = — 8; e 2 2 2298t 3 Owt 5035t T;Od¢,33
Unitary gauge:
1 2
BV = gngg HGL,G™ + gryy HAW AP + 40 AL, 7V0Y H + g3, HAu, 2"
2
+ 94y ZuwZMOH + g\, HZu ZM 4 9, HZ,ZM
(1) + - ( ) + (3) i~
+ talww (WHWT RO H 4 he) + g\l HW LW TR (R aw w e
" -
ﬁeffff = gilijf/Lfl/?HJrh‘C‘
_as fgv _ [ gPvs? fWW + /BB

9Hgg =~ o5 JOH~y = ,

@ _ [ d*v s(fw — fB) (2) s[2s? fpp — 2¢* fww]
Imnzy = \ 32 2¢ IHZy = 2¢ ’
CO I g?v\ A fw +s%fp e) g?v\ s*fpp + <t fww

Hzz 2A2 2c2 HZZ = 2A2 2c2 ’

(1) (%) fw (2) _ g°v P
gpww =\ 5x2 ) 5 Igww = oaz | fww

f mf 5 s v, ®,2 sm (4 v? fo,2
IHij = — v CH T aae Fye.ij '9Hee = 9Hza T oAz
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

asv fg fo,2 fBB f f fw f foot
Lot = 87 A‘JZ © A2 A2 22981 12 Owt 5003+ A; Oaw,s3
Unitary gauge:
ap 1 2
ey r1gg HG L, G 4 gproy HAWwW AR 4 9) A 2P0V H + 93, HALLZ"
2
+ 94y ZuwZMOH + g\, HZu ZM 4 9, HZ,ZM
(1) + - ( ) + (3) i~
+ talww (WHWT RO H 4 he) + g\l HW LW TR (R aw w e
H Fop!
ﬁeffff = g{-lijfoRH+h‘C‘
_as fqv _ 9 vs? fWW + fBB

IHg9 = ~ 543 JOH~y = ,

@ _ [ d*v s(fw — fB) (2) _ s[2s? fpp — 2¢* fww]
IHZy = \ 3a2 2¢ IHZy T 2¢ '
CO I g?v\ A fw +s%fp e) g%v\ s'fpp +tfww

Hzz 2A2 2c2 HZZ = 2A2 2c2 ’

W _ (9 fw @ (),
gnww =\ 5x ) Igww = onz ) fww o

f 2 2

foo_ v ’ ®,2 SM v” fo,2

IHij = _Tl‘sij + Wffcb,ij v I me = 9Hax <1 T oAz
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

asv fg fo,2 /BB f f fw f Foot
Lot = — 8; 129 A2 2+ 2298t 3 Owt 5035t Tgod¢,33
Unitary gauge:
1 2
BV = gngg HGL,G™ + gryy HAW AP + 40 AL, 7V0Y H + g3, HAu, 2"
2 :
+ 94y Zuw MO H + 9\, HZu ZM 4 ), 12,20
(1) + ( ) + (3) v
+ talew (WHLWT ROV H + hee) + g\ HWEWT# gf o mw iw
o .
ﬁeffff = gilijf/Lfl/?HJrh‘C‘
_as fgv _ [ gPvs? fWW + /BB

9Hag = ~ g5 JOH~y = ,

@ _ [ d*v s(fw — fB) (2) _ s[2s? fpp — 2¢* fww]
IHZy = 2A2 2c IHZy T A 2c ’
CO I g?v\ A fw +s%fp o) g?v\ s*fpp + <t fww

Hzz 2A2 2c2 Ynzz = 2A2 T 227

W _ (9 fw @ ;
gnww =\ 5x ) Igww = 2A2 ww

f 2

Foo__M v ’ ®2 _ SM 2 fo,2

IHij =~ % T e e ' 9IHzw = IHzw (1 - 7 e
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Effective Lac gian for Hig

Effective Lagrangian for Higgs Interactions

asv f f f fw W fB fw f Foot
Lot = — 8; A—ZO Oww+ 508+ "5 Owt 5 0ca 33 + Tgod¢,33
Unitary gauge:
LBV = gmgg HGS,GMY 4 gpr HALAM gg;w Ay ZMOVH + ), H AL, 2"
v 94)y B 2O H Y 0\, HZ, 2" + ), HZW 2"
(1) + - Bav (2) s+ v (3) Fy— B
+ taew (WhLW TR0 H 4 hee) + gl HWE WS 1 g HW W
H Fop!
ﬁeffff = g{-{ijfoRHJrh‘C‘
as fgu B g*vs*\ fww + feB +fBB

9Hgg = — Siwﬁ y9H~yy = — s

(1) *v\ s(fw — fB) (2) /BB —2¢% firw]
Iy, =3 | — 9Kz =

HzZy = \ 2p2 2c HZy ZAZ 2c ’

1 [P Ffw + 5 fs 2 g*v\ s*fpp +ct fww
IHZzz = | 5)2 2¢2 IHZZ T 272 2¢2 ’

(1) g%v\ fw (2) g°v |

_ — fww
grww = | 502 | Y IHWW oz ) Tww
f 2 2

F o m; v ’ P,2 SM v? fo,2

IHij = _Tl‘;ij + Wffqm'j v 9Hze = YHzx <1 ey
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Effective Lagrangian for Hig

Interactions

Effective Lagrangian for Higgs Interactions

asv fg fo 2 fB fww fB fw fr fbot
Legr = — =50 2 2 Owwt 508+ 5 Owt 5 Oca 53 + — 5" Oue 33
Unitary gauge:
1 . 2
BV = gngg HGR,G™™ + gryy HAW AP 4941 AL, 7V 0" H + g3),  HAu, 2"
y 2
v 0\, 22" H 4 9G) , HZu 2"+ ), HZ, 2"
1 — Qv 2 3 —
+ 49w (W;,W MY H 4 h.c.) 9w HWHL W™ 4 g3 Hww
H Fop!
ﬁeffff = g{-{ijfoRHJrh‘C‘
_ as fgu -~ gvs? fww+fBB

9Hgg = — g;”x; y9H~y = — >

RCON. g%v\ s(fw — ) g2 s[2s? fpp — 2¢* fww]

HZ~ 2A2 2c 'YHZy 2c ’

NCO I g%v\ Zfw +s%fp o) g%v\ s'fpp +tfww

nzz 2A2 2c2 IHZZ = 2A2 2c2 ’

2

o fw @ __ (g

IHWW ( A2> 5 S IHW W (2A2>fww )

f m{ v .2 SM 2 fo,2
9pi; = —— %5 + Wffqm'j v 9 re = 9Hzx (1 — ? 2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

_ asv fg fo,2 /BB f f fw fr Toot
Legr = — =50 2 2 298+ 50wt 5 0cess + 75" Oda 33
Unitary gauge:
1 2
BV = gngg HGL,G™ + gryy HAW AP + 40 AL, 7V0Y H + g3, HAu, 2"

t Olyg Zuw B0 H o) HZuw 2+ 95y, HZu 2"
+ Ao (W W TR0 H fhe) + oy HWELW TR g3 HwEw e
L:gfff = .‘1;1”' flfl/qH + h.c.
=2 fev — g*vs? fww+fBB
Mo = T AT P9Hyy = = ,
) _ (g0 sUw = f5) @ _ o282 155 — 26 ]
IHZ~ = 2A2 2% IHZy = - )
Gyz = —ng <fw +5*fp (2) g%v\ s'fpp +tfww
9nzz=\op2 )~ s ctmzz="\ox2) T a2
M (L) fw @ (L),
IHWwW =952 ) pww =~ | 5xm ) fww
» 2
f _omy v v B @2 s v? fo.z
9i; =~ %t graliess o 9Hee =9Hae (17 5 5
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Analysis Framework

Higgs collider data

2
x% = min (1 —15™) > (épuu )2

N +
Epull Uj pull Opull
Where
F gano ano no ano
pp = €99%g9 T 6VBF"VBF + EWHJ Tt €ZHJ + EttHUttH BR*™[h — F1]
T ¢F 4SM SM SM SM :
€99%g9 T S RrOVER T Sy HOWH TG noZH GttHUttH BR>™[h — F]
where g27° = ¢2%°(1 + &)
For the anomalous calculations:
¥ SM
ano __
UY B USM UY soa
Y tree
and
rano(p — X
am°(h — X) = o = X) M (p — X)
FSAI(h%X) tree soa
Juan Go
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COF & DO | T T T T T T
Untag3 7= ——
Untag2 7o —6;-
HUntea ! e
5 Untag0  7I% L _g—e—
i ose L T T
g 10w =
O L A A B m— \ MET BT —_—
bb CDF & DO | e Electron BTV gt
b ATLAS 7TeV o ! Muon o —_
bb ATLAS 8 TeV e Unc cent low pr g1 —%g—
bb CMS 7+8 TeV VH i —— Unc cent high p,gm—?'_—‘,:
bf’ 2[”)‘: ;+D80Te\/ VBF +‘—— Unc rest low p; [T 3 ——
T : |
! Unc rest high p, JT% i —_—
77 ATLAS 7+8 TeV [ b anpr :3 ! *
7 CMS 748 TeV D [ Conveentlowprary e T
WW'  CDF & DO [P— =g T | A—e—
WW —>(uly ATLAS 7 TeV —— Convrestlow p, "™ | ——ge——
WW* —> [l ATLAS 8 TeV o L
: —_—
WW = vly CMS 7 TeV D e :
1 Conv tran 7 — et
WW —=>(vly CMS 8 TeV - ONVAran g re T
! i 710w .
77> 41 ATLAS 7+8 TeV ; —— 2ets L emtnorer | o
77'—> 4 CMS 7+8 TeV L e i mass loose 8Tev) |
| Iow me
Zy—> ATLAS 7+8 TeV L One Lepton .
Z Z+8 TeV \ MET ———
7 CMGZ+8Ta E——— I L1 [
-7 -6 -5 -4 -3 -2 -1 0 1 2 3-10 -8 -6 4 6 8 10 12

Signal strength ()
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TGV and EWPD

TGV:
Lwwy = *lgwwv{ (W,TVW BV —wiv,wT W) + ryW W, VY )
2 2
z _  z _  gv
Agy =97 —1= wfw »
A o 1= OV (f +f ) “ of = 09847005 LEP
K. = — = z s
7 g gaz MW TIE Ky = 1.00470:924 5 — 011
@2 )
Aky =kz—1= SczAz(CfW_s fB) .
EWPD:
AS =0.00+£0.10 AT =0.02+0.11 AU = 0.03 +0.09
1 0.89 —0.55
p=| 089 1 —08

—-0.55 -0.8 1

Opw and Og 1 can already be neglected for the LHC analysis:
2
v
S f
2 A
We add the rest of one—loop contributions in parts of the analysis.

aAS = e? fBW and aAT =

Juan Gonzélez Fraile (UB) Johns Hopkins 2014 Heidelberg, July 2014
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S, T,U Parameters

aAS

aAT

aAU

1

6 1672

m2H A2
{3(fw + fB)AT log (@) +
2 A2
+2[(5¢® — 2)fw — (56 — )75 2 log <E>

A2
- [(22¢* = Dysw — (306* + 1)55] Af tos (@)

m% A2 A2
— 246 fyyry T2 log ( ) + 200 1og (—2) :
mH m

A2 H
3 €2 H A2
1 i
4c2 1671'2 {fB o8 (’mZH)
m2 A2
e e .
A2 m
H
2 2 2 2
2 2 my A v A
+ [26 fw + (8¢” — 1)fB] a2 log (7) = f<I>,2E log (mT>} ,

1 6232 m2Z A2
- (~4fw +5f5) "2 log ( )

2
™

N

m2Z A2
+ @fw — SfB)Flog <m722)}
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AX2 vIs fx

Obot Or

arXiv:1207.1344, 1211.4580
http://hep.if.usp.br/Higgs

T
T

e S - N L L

4620‘ 2525 2930‘ 39100‘ 5920‘ - 30-2 30.2 D:G
f/NTEV? /R TV /N TV /N TV fo/RTN? fp/NTeV? /N TV £,/K TeV?

1O = NWANDO NGOV =NGRONO NGO
T

8 wm!u
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sz vIs fx

1 Tevatron+LHC
L O B B B B
Fit with T, fusfom faoferfez  fou=f,=0 ]
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-15

|
(o)
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__PresentStatus |
2d correlations

Tevatron+LHC+TGV

f./N [TeV™

Fit with fg,fuw=—fee,fw.fe.fozsfoots =0

15 -1 -05 0 05 1 15 2 25

fou/ N [TeV™2]
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BRs and production CS

Tevatron+LHC+TGV

., o
QS RN R N NI

[

)
]
I

< <
I
Lol

~y 9 _
< g fu#O0
78 fA0
4 -
3 E
00

2
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BRs and production CS

I I I
- fgy fuws Toes fws T, fyz: fo=f,=0
,,,,,,,, f50 Tuws Toss Tws Tos Tpzs Toots T
BR,,/BR,,*
BRyw/BRm™
BRz/BR;™
i BR»/BR»SM
o BR,./BR.™
.... S — Oge/ Ogs™
s - — Over/ Over™
e s— ‘ I/ 0w
0 1 2 3 4

n Gonzélez Fraile (UB) Johns Hopkins 2014 Heidelberg, July 2014 12/23



Determining TGV from Higgs data

Determining TGV from Higgs data

arxiv:1304.1151

® Gauge Invariance — TGV and Higgs couplings related: Oy, and Op

® Complementarity in experimental searches: Higgs data bounds on
fw ® fp = Aky ® Ag?

204
03 [ -
F HIGGS]
02 7 2 2
2 ] z z g v
A = —1= ,
r ] 91 91 saazlw
01 | 3 2,2
L i g
B ] Aky =ry—1= e (fW+fB) )
07 —
N , _ oy 9” 2 2
E E Aky =Kz —1= Se2AZ (c fw — s fB) .
-0.1 - !
-0.2 | =
F ATLAS WZ ]
_0'31”.HH\HH\HH\HH’
—0.1 —0.05 0.05 a.1 0.15

Ag1Z
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Determining TGV from Higgs data

Correlation between TGV and Higgs signals

. — HWW (1) + - v .
Lwwy = ﬂgwwv{g}’ (wihw=rvy ™ = +aiew (WL W™ H0"H + i)
2 _ _
+ — pv + = R +g§{2}VW HWITVW ot g( ! HW:W .
—SWIVW T ey wiw v o 2o\ fur
z g%v? HWwW 2A2 ) 2
Agi = ——fw,
8c2A2 () g2v
. B 92w 2(f L ) gHWW77<2A72> fww
v 8A2 w B) >
g%v? g gSM <1 v? fo, 2)
_ 2, 2 HWW — 9HWW TS a2
Akg = SeZAZ (C fw —s fB) . 2 A
E 103 E
N ] Assume: LHC see deviation to TGV within 95% CL
\..‘9/ j bound verifying Ak = Ax? = cos? Oy Ag
T il
5 107 E eg. f—VQV = —6.5TeV "2
~N k| A
o ]
© 1 Leading to the excess
10 | i
E| o(pp - WH) = 1.6505;(pp = WH)
Due to f,, ]
1 = but with a distorted H pp spectrum!
Pi S A N

0500400 600 609 1000 1200 1400
Py (GeV)

Johns Hopkins 2014 Heidelberg, July 2014 14/23




Disentangling a dynamical Higgs

Disentangling a dynamical Higgs
arxiv:1311.1823

® Motivated by composite models — Higgs as a PGB of a global symmetry.

® Non-linear or “chiral” effective Lagrangian expansion including the light Higgs.

SM Gauge bosons and fermions

Light Higgs — without a given model treated as generic "singlet* h h is not part of ®
Fi(h) =1+ 2a; 2 4+, ’:72 +... « More possible operators
Dimensionless unitary matrix: U(z) = ei7a™" (@)/v . _
- Relative reshuffling of the

(Vi = (D) Ut and T = UosUT) order at which operators

appear

® Bosonic (pure gauge and gauge-h operators) and Yukawa-like up to four derivatives

Lehiral = Lo+ AL

Comparison with the linear basis!

Juan Goi Johns Hopkins 2014 Heidelberg, July 2014 15/23



Disentangling a dynamical Higgs

The Non-linear Lagrangian

Alonso et al 1212.3305
Lehiral = Lo+ AL
SM Lagrangian®

1 1 a apv 1 v 1 a apv
Lo = 7(8#})‘)(8#}1') - ZWHUW m - ZB}LVB# - ZGHVG B V(h)

(”+h) WP oy, Ve 4 i0pQ + iLpL

v+ syh
V2

Restricting to bosonic (pure gauge and gauge-h operators):

v+5yh

7z (QLUYoQR +h.c.) — (LLUYLLR +hec.),

AL

¢ esPr(h) + cwPw (h) + caPa(h) + cc Pc(h) + crPr(h)

+ cuPu(h) +conPou(h)]+£> ciPi(h)

25
+ €3 ePilh) + € eaPas(h) + i€ cly y Pirpg (h)
=11

3 ) ig’
D,U(z) = 9,U(x) + igW,, (z)U(x) — %B;L(x)u(x)ag
Y = diag (Yy, Yp) , Y = diag (Yy, Y1) -
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Disentangling a dynamical Higgs

The Non-linear Lagrangian

Po(h) = — L2 Te(VHV ) Fo (h)
Pr(h) = %Tr(TVM)Tr(TV”)}'T(h)
Pr(h) = L (8,h)(8"h)F (h)

2

Pp(h) = =4~ B, B" Fp(h)
2

Pw (h) = — LW, WY Fuy (h)
2

Pg(h) = —QTSGZVG““”}‘G(M

P1(h) = 99" Buw Tr(TWHY) Fy (h)

P2 (h) = ig' By Tr(T[VH, VV]) Fa (h)
P3(h) = igTr(Wpuu [VH, VY]) F3(h)
Pa(h) = ig' By Tr(TVH)0Y Fu(h)
Ps(h) = igTr(W,, V)0 F5(h)
Pe(h) = (Tr(V,u V) Fo(h)

Pr(k) = Tr(V, V)0, 08" Fr(h)
Ps(h) = Tr(V, V,)0" Fg(h)d” Fg(h)
Po(h) = Tr((DuVH)*) Fo (h)

Pio(h) = Te(V, D, VH*)0Y Fig(h)

1 2
Pon = v—z(aua )2 Fog (k).

Johns Hopkins 2014

Alonso et al 1212.3305
Pr1(h) = (Tx(Vu V)2 Fra(h)

P12(h) = ¢° (Tr(TW,))? Fia(h)

P13(h) = igTe(TWy, ) Tr(T[VH, VY]) F13(h)
Pra(h) = ge"PATH(TV ) Te (Vo W) Fra(h)
P1s5(h) = Te(TD,VH)Tr(TD, V) F15(h)

P16(h) = Tr([T, VoD VH)Tr(TVY) Fi6(h)
P17(h) = igTr(TWy, ) Tr(TVH)0Y Fi7(h)
P1g(h) = Tr(T[Vy, V) Tr(TVH)0" Fig(h)
P1g(h) = Tr(TD,VH)Tr(TV, )0 Fig(h)
Pao(h) = Tr(Vu V*)8, Fag (k)Y Fho(h)
Pa1(h) = (Tr(TV )28, Fa1(h)0” Fiy (h)
Paa(h) = Tr(TV,)Tr(TV,)d" Fag (h)0” Fiy(h)
Paz(h) = Tr(V, V) (Tr(TV,))? Faz(h)
Paa(h) = Tr(V, V) Tr(TVH)Tr(TVY) Fayu(h)
Pas(h) = (Tr(TV,))?8,8" Fas (h)

Pag(h) = (Tr(TV ) Tr(TV,))* Fag (h)

Heidelberg, July 2014
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Disentangling a dynamical Higgs

The Non-linear Lagrangian

Po(h) = — L2 Te(VIV ) Feo (h)

2

Pr(h) = L Tr(TV ) Te(TVH) Fr(h)
Prr(h) = §(0uh) (0" h)Frr (h)

2

Pp(h) = =4~ B, B" Fp(h)
2

Py (h) = = LW, W Fyy (h)
2

Pa(h) = 4G}, G Fg(h)

P1(h) = gg/B‘”,Tr(TVV}“‘)}'] (h)
Pa(h) = ig’ By, Te(T[VH, VV]) Fa(h)
P3(h) = igTe(Wy, [VH, V7)) F3(h)
Pa(h) = ig' By Tr(TVH)0Y Fu(h)
Ps(h) = igTr(W,,, VH*)0" F5(h)
Pe(h) = (Tr(V,V*))? Fe (h)

Pr(h) = Tr(V, V)0, 0" Fr(h)
Ps(h) = Tr(V,, V)" Fg(h)d" Fi(h)
Po(h) = Tr((DuV*)?) Fo(h)

Pio(h) = Tr(V, D, VH*)Y Fig(h)

1 u, 2
Pon = —5 @ud" ) Fop (h) .
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Pr1(h) = (Tx(Vu V)2 Fra(h)

P12(h) = ¢° (Tr(TW,))? Fia(h)

P13(h) = igTe(TWy, ) Tr(T[VH, VY]) F13(h)
Pra(h) = ge"PATH(TV ) Te (Vo W) Fra(h)
P1s5(h) = Te(TD,VH)Tr(TD, V) F15(h)

Pi6(h) = Tr(IT, V,]D, VH)Tr(TVY) Fi6(h)
P17(h) = igTr(TWy, ) Tr(TVH)0Y Fi7(h)
Pi1s(h) = Te(T[V,, V) Te(TVH)0Y Fig(h)
P1g(h) = Tr(TD,VH)Tr(TV, )0 Fig(h)
Pao(h) = Tr(Vu V*)8, Fag (k)Y Fho(h)
Pa1(h) = (Tr(TV )28, Fa1(h)0” Fiy (h)
Paa(h) = Tr(TV,)Tr(TV,)d" Fag (h)0” Fiy(h)
Pag(h) = Tr(V, V) (Te(TV,))? Fas(h)
Paa(h) = Tr(V, V) Tr(TVH)Tr(TVY) Fayu(h)
Pas(h) = (Tr(TV,,))?8, 0" Fas ()

Pag(h) = (Tr(TV,)Tr(TV,))? Fag (k)
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Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

arxiv:1311.1823
In the linear case*

P02
- +v 2 _ g - +v 2
wW W o+ b = Oy ZwWEW T (v + h) Higgs- TGV

Correlated!
Y Ay ZFO (v + h) + — 7, ZFO h(v + h)

s 2
op = 4

 4cos by 4cos? Oy
whereas in the non-linear case
Pa(h) = 2ieg? A W HWH Fa(h) *2 ie’g ZHVW KW Fa(h) Higgs-TGV may
Pah) = eg A Z10¥ Fa(h) + LZWZW?“}ZL( h) be decorrelated!

cos Oy cos? Oy

4Parallel reasoning applies to Oy, and P3 — Ps
Juan Gonzélez Fraile (UB) Johns Hopkins 2014 Heidelberg, July 2014 18/23




Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

Analysis using Higgs and TGV data® of

arxiv:1311.1823

Pa, Ps, Pw,P1, P2, P3,Pa, Ps,Pc, Pr and Py,

After taking into consideration tree level contributions of Pr and P; to EWPD, the relevant
parameters for the analysis are®:

ag,ap,aw, 2, ¢3,04, a5, (2ac — cc) and cy,
But we can rotate instead to:
ag,aB,aw, B, A, Zw, Aw, (2ac — c¢) and cx,

where

YB E4(2€2+CL4), Yw 52(203 70,5),

Ap = 4(202 — a4) y Aw = 2(203 + a5) s
defined such that at order d = 6 of the linear regime X5 = cg, Xw = cw, while
Ap = Aw =0.

5The analysis details as in the linear fit

6For simplicity here a; = ¢; * a;
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Disentangling

Decorrelating Higgs and TGV

sz ToV+Higgs

NSO DO

Bounds from TGV+Higgs

szﬂm-mw.

N

[T

0
L ¢

N

Left:A BSM sensor irrespective of the type of expansion:
constraints from TGV and Higgs data on the combinations
Yp = 4(2c2 + aq) and Sy = 2(2¢c3 — as), which
converge to cg and cyy in the linear d = 6 limit.

Johns Hopkins 2014

o NhO®O

B rovssin

0.9

Right:A non-linear versus linear discriminator: constraints

Bounds from TGV+H|ggs

By rovsries

NEGEE RS

[T

H\‘H\JH\‘H\‘H\

0

B €

on the combinations A g = 4(2¢c2 — a4) and
Aw = 2(2c3 + as), which would take zero values in
the linear (order d = 6) limit (as well as in the SM),
indicated by the dot at (0, 0).
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Higher order differences st 1

Reshuffling — interactions that are strongly suppressed in one case may be leading corrections
in the other.

More on TGV!

® At first order in non-linear expansion (but
at dim-8 in the linear one) P14 contributes

to anomalous TGV:
gZ (C- and P-odd but CP even).

[l Background

M svwz 4

5 =0.1

Events/Bin

Lwwy = —igy 7 (Wlo,wr —w, 0,wl) v,

3
2 9 A 3
VPR 300 fb~' at 14 TeV

- —£ Pyx +pP_1A]

cos Oy

® At first order in the linear expansion
Owww = ieijkWﬁVVAV,z pWi‘L gives 25 50 75 100 125 150 175 gm(); 2\2/5
contribution to anomalous TGV \y pr{CeV)

® Chiral expansion: several operators contribute to QGVs without inducing TGVs —
coefficients less constrained at present (larger deviations may be expected).
Linear expansion: modifications of QGVs that do not induce changes to TGVs appear only
when d = 8.
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Relax

g assumptions

Relaxing assumptions: C' P—odd

M.B. Gavela, J. G-F, M. C. Gonzalez—Garcia, L. Merlo, S. Rigolin and J. Yepes — arxiv:1406.1823

® |List & applications of CP—odd non-linear operators:
Lehiral = Lsm + ALgp

16
ALgp =cg Sg(h) + e Sir (h) + c5 Sg(h) + cap Sap(h) + D> ¢ Si(h).

i=1

® Use CP-odd sensitive signals
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Relaxing assumptions: C' P—odd

M.B. Gavela, J. G-F, M. C. Gonzalez—Garcia, L. Merlo, S. Rigolin and J. Yepes — arxiv:1406.1823

® |List & applications of CP—odd non-linear operators:
Lehiral = Lsm + ALgp

16
ALgp =cg Sg(h) + e Sgp(h) + e S (h) + cap Sap(h) + Zl c; Si(h).
im

® Use CP-odd sensitive signals:

Fermionic EDMs (sensitive to &, §5,~~)
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M.B. Gavela, J. G-F, M. C. Gonzalez—Garcia, L. Merlo, S. Rigolin and J. Yepes — arxiv:1406.1823

® |List & applications of CP—odd non-linear operators:
Lehiral = Lsm + ALgp

16
ALgp =cg Sg(h) + e Sir (h) + c5 Sg(h) + cap Sap(h) + D> ¢ Si(h).

i=1

® Use CP-odd sensitive signals: C P-violating TGV

Fermionic EDMs (sensitive to &, §5,~~)

at 14 Tev
300 fb™

Norma’!ized event distribution
~Beiebeabed

-1 -08-05-04-02 -0 02 04 06 08
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Relaxing assumptions: C' P—odd

M.B. Gavela, J. G-F, M. C. Gonzalez—Garcia, L. Merlo, S. Rigolin and J. Yepes — arxiv:1406.1823

® |List & applications of CP—odd non-linear operators:
Lehiral = Lsm + ALgp

16
ALgp =cg Sg(h) + e Sir (h) + c5 Sg(h) + cap Sap(h) + D> ¢ Si(h).

i=1

® Use CP-odd sensitive signals: C P-violating TGV

Fermionic EDMs (sensitive to &, §5,~~)

at 14 Tev
300 fb™

Norma’!ized event distribution
~Beiebeabed

-1 -08-05-04-02 -0 02 04 06 08
cos ¢

C P-violation on Higgs physics: h — ZZ, e. g. CMS analysis:

Ah — 22) = vt (dlm"’ze{e; +da D @ g dgfjgl)f"‘”*@)) ,
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Conclusions

® Study non-linear or chiral Lagrangian — more freedom — Testable decorrelations!

Model independent analysis where the effects of new physics in the Higgs couplings are
parametrized in L.zf. If SU(2) doublet — SU(2)r x U(1)y gauge symmetry linearly

realized: f
Eeff = Z Tzon s

Power to the data — operators whose coefficients are more easily related to existing data.
So far — Higgs boson SM-like.

Exploit interesting complementarity between experimental searches: TGV and Higgs
data.

In addition, promising new signals specific for one of the expansions: 952.

arXiv:1207.1344, 1211.4580, 1304.1151, 1311.1823

Study-nen—tinear-GP-odd-eperaters — Recently finished: arxiv:1406.6367
Combine the full Higgs and TGV 7+8 TeV sets of data in this framework.
Jump from signal strengths to exploit the kinematic structures
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