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* Identifv the observables that distinguish the Higgs Nature




Method: HEFT

'8 Without any evidence of New Physics:

Chiral Higgs Effective Field Theory

is the most generic way to describe the couplings of a singlet Higgs!

B8 It encodes the low-energy couplings of several theories, including those
with the Higgs being a (exact) doublet!
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Chiral Higgs Effective Field Theory

is the most generic way to describe the couplings of a singlet Higgs!

B8 It encodes the low-energy couplings of several theories, including those
with the Higgs being a (exact) doublet!

Bosonic Lagrangian Dark Matter Lagrangian
(first part of the talk) (second part of the talk)
works with: Alonso, Brivio, Corbett, Eboli, work with: Brivio, Gavela, Mimasu,
Gavela, Gonzalez- Fraile, No, Rey, Sanz

Gonzalez-Garcia, Hierro,

TODAY on arXiv
Rigolin, Yepes




The linear effective Lagrangian

[Buchmuller&Wyler 1984]
[Gradkoski,Iskrzynski,Misiak&Rosiek 2010]

See talks by Perelstein, Sanz, Trott, Eboli... 4



The d=6 linear effective Lagrangian

'8 NP effects above the TEV scale can be parametrised by writing the
Linear Effective Lagrangian including up to d=6 operators in terms of the

Higgs doublet:

Af; @; + higher orders
2 with A (= few TeV) the NP scale.
1
=l o a a,LW__B B,uz/__ a a v
Lsn 4W %% 1 4GWG — V(h)
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The d=6 Imeargranglan HISZ

S e e

@re—oloG: G* Oww = ®TW,, Wi d
Opp = ®'B,, B"® Opw = ®' B, WH o
Ow = (D,®)'W"(D,®) Op = (D,®)'B* (D, ®)
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The d=6 Imeargranglan HISZ

f’L g’;@

Oca = dTd GGy

A

Opp =B,

@ — (DM<I>)TW“
)

0us = (0,04 Parameters [(v'o)o, (@'s)
@5 % (@7 c1>) Ol = (D ' "(D"o) (0! )
Ope = (D,D*®)" (D, D" ®)

These operators describe pure gauge, gauge-h and pure-h interactions and
several correlations among observables are predicted: i.e. triple gauge
couplings vs. HVV couplings. SMOKING GUNS!!!
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Example: (O = (DMCID)TEW(DVCI))

In unitary gauge can be rewritten as:

o 5
eg il 2 e g = v 2
W (v ZyW W h
Op o Au W=FW™(v+ h) R (v+ h)
9 A, 7R h(v+ h) A a 710" h(v + h)
4dcosby " 4cos? Oy M

Wt ha o W w+ hs, o WT
4 A, T R
w- A W- W- Z W~



Example of Correlation

Example: (O = (DMCID)TEW(DVCI))

In unitary gauge can be rewritten as:

Wt ha o W w+ hs, o WT
4 A, T R
w- A W- W- Z W~

All these couplings are correlated!!



The chiral effective Lagrangian

[Alonso, Gavela, LM, Rigolin & Yepes, JHEP 1206 (2010) 076
Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335

Alonso, Gavela, LM, Rigolin & Yepes, Phys.Rev. D87 (2013) 055019
Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM Rigolin & Yepes, Phys.Lett. JHEP 1410 (2014) 44]
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Moving to the non-linear case

Higgs: h GBs: U(CC) e eigaﬁa(g;)/v
Singlet U(z) » LU(z)RT

Independent!!

h h?
B0 Being h asinglet: generic functions of h [ Fi(h) = 1 + 2a;— + Biv—z + ...
v

&Y Being U(x) vs. h independent, many more operators can be constructed



¥ The SM Lagrangian can be rewritten as

LozDéwap—VUo
1
——WWWWW——B_HW——G'“W
4 y 4GWG

— Qr®YuDr — QLO®V,Ug + h.c. +.

“ e
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—9,hO"h + UZ (1 i %) Tr[V,V*)— V(h)+

V,=(D,U)U"

V> LVIL

1
5 _Wa Ve ot _B B,UJ/ Wi _Ga Ga,ul/

uv
. < SM Lag in
LUZ)/‘Jr hic s chiral notation

10



2
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LoE&=0,h0"h + UZ (1 L —) Tr[V,V*)— V(h)+
vV
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2
B Lonh UZ (1 + %) Tr[V, V*)— V(h)+

1

T a T —B B,uu_ _Ga @
4W W 1 G

LUy‘_I_ h.c. +.

We now introduce the
hypothesis of h as a singlet:

2
* ,C() :16 h@“h%-%@%“[\f V“]—V(h)—F
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- _Wa | P Vi s _B B,ul/ g _Ga Ga,,uy
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@;, 3; are independent coefficients!!

h h?
Fi(h) =14 2a;— + Bi— +
v v
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U(g;) — t0am (T)/V [Appelquist&Bernard 1980;
Longhitano 1980, 1981,
T = U—Ug[ﬁL N — (DMU) U’ Appelquist&Wu 1993;

Appelquist-Longhitano-Feruglio basis Feruglio 1993]

U(x) is a 2x2 adimensional matrix. This leads to a fundamental difference
between the linear and chiral Lagrangians:

SM o-model
® The GBs are in the Higgs doublet ® | B The U(z) matrix is adimensional
B ® has dimension 1 in mass and any its extra insertions do not
® d=4+n operators are suppressed lead to any suppression
by AN p

* The dimension of the leading low-energy operators differs
for a purely linear and a non-linear regime

Introducing a light CP-even singlet scalar h, with an associated scale f

h [Grinstein&Trott 2007;
Contino et al. 2010;
ouh Azatov et al. 2012] 2



The complete CP-even pure-gauge & gauge-h basis
[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]

[CP-Odd: Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM Rigolin & Yepes, Phys.Lett. JHEP 1410 (2014) 44]
[Compare with Buchalla,Cata&Krause 2013]

/:’Chiral - LO -+ AL See talk by Krause
o .
Lo =50uh"h+ - FoTr[V,V¥] - V(h)+
3 (L Gk 1 pv 1 a auy
ey ZWMVW L ZB/LVB s ZG’W/G -+

U

ﬂnyLUyQQR + h.c. + ...
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The complete CP-even pure-gauge & gauge-h basis
[Alonso, Gavela, LM, Rigolin & Yepes, Phys.Lett. B722 (2013) 330-335]

[CP-Odd: Gavela, Gonzalez-Fraile, Gonzalez-Garcia, LM Rigolin & Yepes, Phys.Lett. JHEP 1410 (2014) 44]
[Compare with Buchalla,Cata&Krause 2013]

o - AL See talk by Krause

INE— ZCJDZ * Pp(h) = gZB/WB'uVJTB(h)

Pl(h). = 99 By Te(TWH) Fy (h)
Pa(h) = ig' B, Tr(T[VH, V]) Fa(h)

parameters 794(h). = ig' B, Tr(TV*)9” Fy(h)

To compare with 10 in the linear case

sl New Effects!!
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Disentangling a dynamical Higgs

from an elementary one:
Pure-gauge & Gauge-Higgs

[Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,LM&Rigolin, JHEP 1403 (2014) 024
Brivio,Eboli,Gavela,Gonzalez-Garcia,LM&Rigolin, JHEP 12 (2014) 004 ]
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¥ Investigate on the signals of decorrelations: due to the nature of ;che

h
chiral expansion vs. the linear one, and due to F;(h) # (1 . —)
v

Linear Non-linear
I
| .
| | o

: - ' '

| |
—p
40
d=256 =
_ﬁ: = o

For a generic Composite Higgs model:

h is embedded in a doublet of SU(2)r (reducible rep ofG )
i h
Eith) =1 + 20@@ + &-h—Q + ...not generic but specific: sin {—}
v v

2f
At low-energy, there are correlations among operators
[Alonso,Brivio,Gavela,LM&Rigolin, JHEP 12 (2014) 034]

See talk by Panico [Hierro,LM&Rigolin, arXiv:1510.07899 LAST WEEK] 15




Investigate on the sighals of decorrelations: due to the nature of ;che

h
chiral expansion vs. the linear one, and due to  F;(h) # (1 + —)
v

Study the anomalous signal present in the chiral description, but

absent in the linear one

Linear Non-linear

15



Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

Op = (D,®)'B*(D,®)

16



Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

e )
Leg — 1% 2 e g — 1% 2
O =—2A, W H*FWT h 7, W HWT h
B o (v+ h) St L - )
9 A, 7R h(v+ h) A e ZH9" h(v + h)
4cos Oy " 4 cos? Oy~ M
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Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

3 2 - 92
:—A . H T h Z 5 1% +
Op o Au W=HFW™ (v + h) St W=FW™(v+ h)
9 A, ZM8"h(v + k) bl 719" h(v + h)
174 v I 1Y (Y
dcosby " 4cos? Oy "
U2 U2 h 9
* Op = EPQ(h) i §774(h) with  F;(h) = (1 e ;>
. 2
Pa(h) = 2ieg? A W HW " Fy(h) — 2——— Z,, W HW 7 Fy ()
cos Oy
D) = = A g IOF ()
"N cos Oy~ H” : cos2 Oy M =

Wt ha o W w hs, o WT
i~ A, 4 A
w- A W- W Z W~
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Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

3 2 - 92
:—A . H T h Z 5 1% +
Op o Au W=EW™ (v + h) St W=FW™(v+ h)
9 A, ZM8"h(v + k) bl 719" h(v + h)
174 v I 1Y (Y
dcosby " 4cos? Oy "
UZ ?J2 h 9
* Op = EPQ(h) i §7?4(h) with  F;(h) = (1 e ;>
. 2
Po(h) = 2ieg® A, W HWH Folh) — 2——— Z,, W W+ Fa(h)
cos Oy
D) = = A g IOF ()
"N cos Oy~ H” : cos2 Oy M =

due to the decorrelation in the F;(h) functions: i.e. T
[see also Isidori&Trott, 1307.4051]
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Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

3 2 - 92
:—A . H T h Z 5 1% +
Op o Au W=HFW™ (v + h) St W=FW™(v+ h)
Y A, 78 h(v + h) bl ZH9" h(v + h)
174 v I 1Y (Y
dcosby " 4cos? Oy "
?J2 U2 h 9
* Op = E732(h) i §7?4(h) with  F;(h) = (1 e ;>
. 2
Py (h) = 2ieg? Apy W HW* Fy(h) — 2—— 7, W W+ Fy(h)
cos Oy
Py(h) = —— 2 A, 7" Fy(h) - g IOF ()
"N cos Oy, M . cos2 Oy M =

due to the nature of the chiral operators (different ¢; coefficients): i.e.

16



Example of Decorrelation

Correlations present in the linear basis are absent in the chiral basis

,02 n 2
= —732 I §P4(h) with  F;(h) = (1 + —)
(¥

*
* — —733 - %%(h) with  F;(h) = (1 — %)2
Ow = (D,®)"WH*" (D, ®)

Ps(h) = igTe(W,,[VH*, V¥]) Fs(h)
Ps(h) = igTr(W,, V#)0" Fs(h)

55/



Decorrelations

_Bounds from TGV+Higgs

s Bounds from TGV+Higgs i
2 10 T e A o SN 510 ¢ I
$ 8¢F E : 8¢ :
Mol otE - G =
B Al B AN R S = DX 4B N e . =
B ] Mwes T 2
: 0.9
OS5 s -
0.3 |
i o S
: -0.3
-0.75 e
-1.5 i L
D= — 4(262 i a4) — fBE AN = 4(262 . CL4) — 0
EW — 2(263 9 CL5) - fm/é= AW — 2(263 Sl &5) — 0

Data: Tevatron DO and CDF Collaborations and LHC, CMS, and ATLAS
Collaborations at 7 TeV and 8 TeV for final states yy, WtW—, ZZ, Zy, b b, and tt~
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Decorrelations

> 00 O
NREENRRN
|

Tl Sioin SOV Higgs

2
DX “tovatiggs

AXZ TGV+Higgs

N d» O OO O

—
g N s
YT

0.75

-0.75

EW = 2(263 = CL5) i fm/é=

_Bounds from TGV+Higgs

o) 00 O
TTTT T TTT

e N e = AXZTGW»Higgs

N H O 00O O

2
DX v+ Higes

O ok RO

=
©

AW — 2(263 S CL5) — 0

» More precision for: - discovering BSM physics with TGV and HVV

- disentangling dynamical from elementary
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New Signals

Signals expected in the chiral basis, but not in the linear one (d=8)

A + 11— q
ol c’?MWV Wp Z)\f14(h)

number of expected events (WZ g

production) with respect to the Z pr
T e e S R R AR S A EAARE AR R
] i ]
EMOOO; — ' . chkgroumdé @95% CL:
o . T present g? € [—0.08,0.04]

"""" i 195'=0.1 A Z
LHC(7+8+14) g7 € [—0.033,0.028]

8000

6000

4000

Much more pheno in:
= . - ko 1 Brivio,Gonzalez-Garcia, LM,
0 to appear in the next weeks
0 FaS I e (00 1252150 175 200 225
p,°(GeV) 19




The Dark Matter Lagrangian

[Brivio,Gavela,LM,Mimasu,No,Rey,Sanz, TODAY on arXiv: 1511.01099]

20



Standard case



Standard case

¥ Standard Higgs portal

m2
G 7552 + AgS2PTP
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Standard case

i 2 iations!!!
i Standar;zl Higgs portal E(h)=1+2ai%+ﬁi2—2+... Deviations!!!

2
25 %52 + AeS2D D 2 %52 i )\SS
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i 2 iations!!!
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2 2
25 %52 + AcS2DT D 2 %52 i )\SS

B Atlowest orderin Apy

No other portals
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Standard case

I Standard Higgs portal

Mg o 2

B Atlowest orderin Apy

No other portals

h
Fi(h) =1+20;—+ Bi—5 + ...
v v

= %SQJM\SS

U(x) vs. h

Deviations!!!
|

New Portals:

A; = Tr(V,VH)S2F (h)

Ay = S20OF,(h)

Az = Tr(TV ) Te(TVH)S? F3(h)
Ay = iTe(TV,,) (0#S5?) Fa(h)
As = iTr(TV,)S?0" Fs(h)
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Standard case

I Standard Higgs portal

m2
G 7552 e ASSQ@L(I)

B Atlowest orderin Apy

No other portals

Deviations!!!

LD%SQJr)\ S-

New Portals:

A; = Tr(V,VH)S2F (h)

Ay = S20OF,(h)

Az = Tr(TV ) Te(TVH)S? F3(h)
Ay = iTe(TV,,) (0#S5?) Fa(h)
As = iTr(TV,)S?0" Fs(h)

—1+2az +5z

U(x) vs. h

Observable Parameters contributing
b Cl L Cal G EC eeGE
Thermal relic density Qgh? VAR ARRE AR A
DM-nucleon scattering in direct detection oSl — = O e AR
Invisible Higgs width 1B St R AR S s — —
Mono-h production at LHC o(pp— hSS) v  — vl AR
Mono-Z production at LHC olpp— ZS88) — v v v
Mono-W production at LHC olpp > WTS8S) — v v 21




DM Relic Density

[ standard (b = 1)

Qch? < 0.12 107 = b =05

B b-2

Planck 2015

1072

SShh annihilation

102
Mg (GeV)
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DM Relic Density

[ standard (b = 1)

2 1071} _0.
Planck 2015

SShh annihilation

Destructive Int.

100;— SS7Z7 [ standard standard
| ci=01 | C2=0.1 ]
SSWW ci =01 Co=—1
Ci =41 =1
o A
Secee WS ?
/ ‘\IConstructive Int.
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200

ms (GeV) ms (GeV) 22



...+ Direct Detec. + Invisible h Decay

A1 and A2 do not contribute directly to the scattering, but through

the relic density: Qg
OS[(SN — SN)

lim
— Yexp

Qpm

Destructive Int. ‘

7.

100}

10"}

N ‘Constructive Int.
standard
—/ ¢ =01 |
co =0.1

Planck 40 60 80 100 120 140 160 180 200

LUX
m V
nvisible h decay s(GeV) 23




With 8TeV data @ ATLAS (20.3 fb— 1)

g
AU () 7 1 Bp > 90 GeV
2
% 10 g T ] | T T | T
~ 0k
ap) S
— n
[
S0
10
2 2L
el e
o = - -
s T TTe——
p&10° E | — Standard (gg) I N
L b=2( e
10 = | — c, (g2) . ~ 3 ¢ i
S| T e AL
S -- 8
§ 5-49 q S
10-7 | L | | | | | | | |
70 100 200 300 500 700 1000
m, (GeV) &



Mono-Z & Mono-W Searches

10_ I I l | |

7:——§‘tandard \/_—13T6V gg—>h*—>ZSS
qq %W*%W(Z%SS)

5 1
__A2

— A, (x107)

=
¢ 3
|DE
N~ 2 _ — AR ST
: qf - V" —=VSS The Ratio is independent from the
=
i’ 1 o operator coefficients!!
E 0.7_— _:
s qf - V*—=V(h— SS) -
0.3 - M A — mj = 200 GeV
- 4
ool 1 | | | ] eaef R m, = 400 GeV
70 100 200 300 500 700 1000 L gg — h™ — Z5S5|- my=600Gev
m, (GeV) e e FE o m, = 800 GeV
N 90'12:_ ........
- s e
The combined measure of the Ratio & "t A o
and of the distribution of the signal, '~ e
allows to fix a point in the parameter "
space!! LM ;i
O E=13TeV
0-_ 2&0 — 400 | 600 | I8(|)0 — I1000 S £460
P% (GeV)
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Final Remarks

™8 No striking evidence of NP associated to the Higgs sector has been found
= we should live with the idea of a fine-tuning (Hierarchy Problem)

= NP is still waiting to be discovered

¥ NP could consists in a strong interacting dynamics at the TeV scale:
= Strong resonances at /\s, not seen yet

= Deviation from the SM couplings of the Higgs

B8 The real nature of the Higgs could be hidden in the data (need precision!!),

BUT there are many places where to look...

sl |t is fundamental searching for it with dedicated studies, without biases

Pure Gauge, Gauge-Higgs, Pure-Higgs, DM...
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