Effective Higgs
at the LHC

Zurich Phenoreno!/ 03y % ohéé hop
Pardic/e /p/}yél‘C’/S 10 Che L%/C era
Zeurichy Jancary 2, 2013

CW 1y,
g ? *i
TCREA@IFAE/Barcelona

( christophe.grojean@cern.ch )



-

Chris fop/ﬁe

SM Higgs @ LHC

The production of a Higgs is wiped out by QCD background

only 1 out of 100 billions events
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SM Higgs @ LHC

The production of a Higgs is wiped out by QCD background

only 1 out of 100 billions events

are "interesting”
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office
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Where are we?

we are living a privileged moment in the history of HEP

)
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Where are we? What's next?

we are living a privileged moment in the history of HEP

"We have found a new particle”
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“this discovery came at half the LHC design energy, much more severe pileup, and one-
third of the integrated luminosity that was originally judged necessary”

I Higgs is the most exotic particle of the SM
e pE—— 7S a’/ScO\/ery has profound implications ———

O Spin O? Against naturalness: small mass only if protected by symmetry

O Couplings not dictated by gauge symmetry? Against gauge principle
(elegance, predictivity, robustness, variety) which used to rule the world (gravity,
QCD, QED, weak interactions)

O Symmetry breaking? ground state doesn't share the full symmetry of interactions
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What's next?

" With 3redZ‘ power Comes 9/‘@@2‘ respons /A///iy )

Voltaire & Spider-Man
which, in particle physics, really means

“ WIith 3reaz‘ diScoveries cone 3reaz‘ reascrenents
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Higgs properties Higgs couplings BSM implications
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for surprise as a football game between

Brazil and Tonga"
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Chiral Lagrangian for a light Higgs-like scalar

SM \\
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Chiral Lagrangian for a light Higgs-like scalar

& spin-0 & CP-even

W OWW&ZZ
@ custodial symmetry

N\ Ewp

@ no Higgs FCNC

(generalization of Glashow-Weinberg th.)
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Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi 10
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Higgs coupling fits: test of unitarity

| - 7&8 TeV LHC & Teve;tron data
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Higgs coupling fits: test of unitarity

cp=Cr=cg=9/2c,
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Higgs coupling to fermions ¢

68.95%

1.5

Higgs coupling to vectors a
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Higas coupling fits: test of unitarity

don't leave it in the hands of theorists!
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v2 fit: other tests of the SM structures

O custodial symmetry: Cw=Cz?

O probing the weak isospin symmetry: C,=Cq?

O quark and lepton symmetry: C,=C?

O new non-SM particle contribution: BRin? C4=C,=0?
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Some fensions
but no statistically significant deviations from the SM structure
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Is the Higgs part of an SU(2) doublet?

Does New Physics flow towards the SM in the IR?
i.e. is the Higgs part of an SU(2) doublet?

need to promote the chiral Lagrangian to an SM gauge invariant Lagrangian
pioneering work by
complete classification by

28 CP* operators

(+ 25 4-Fermi operators)

only
14 of these
operators
can be generated
at tree-level by NP

Chris Z‘op/ﬁe Grod'ean
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Table 2: Dimension-six operators other than the four-fermion ones.
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Is the Higgs part of an SU(2) doublet?

Does New Physics flow towards the SM in the IR?
i.e. is the Higgs part of an SU(2) doublet?

need to promote the chiral Lagrangian to an SM gauge invariant Lagrangian
pioneering work by
complete classification by

Higgs doublet? e

not an easy question at the LHC since we need multi-Higgs co"upli‘ngs

g VOGO t - h W o h w* o h
A :/ :' :"' h
g TOO0 "~ h W- oy W- S

bv-1 = 2(cv?-1)+O(cviél)? 3bsv=4 Cv(bv-Cv2)+O(C -1)2
for PGB Higgs for PGB Higgs
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Effective Higgs

NP SM

typical mass scale EW scale v=2466eV
M=g-t 9.9, Y1

95M /9

effective approach valid iff
mass gap: M >> gsm v

weakly coupled NP : . strongly coupled NP :
: g* ~ gsm : : g* >> gsm ;
- MSSM in the decoupling limit : - composite Higgs models

in both cases, Higgs couples to NP with g~
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Higgs power counting

® extra Higgs leg: H/ f ® extra derivative: 0/m,

" Genuine strong operators (sensitive to the scale )
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Higgs power counting

® extra Higgs leg: H/ f ® extra derivative: 0/m,

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3

C_H T 2)2 T (R 2 Cylf | 1712 L C6A | 16
s (MHP) | 5 (D)’ SHPRH e i

* * *
3
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------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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"""""" (PGB Higgs)
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Higgs power counting

ALp = % o (H'H) 0, (H'H) + = (D) (HID ) - G (i)’

202 V2

+ Sy HUH g Houg + %y B H g Hd g + 5y HUH Ly Hig + hec.
v v v
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679/2 T v Eggg' ] a apy
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generic new physics

L v L ma, L g* v°
CH,CT,C6,CyNO F ; CV[/,CBNO M2 ) CHWacHBac’yvcgNO 1672 f2

note: in decoupled MSSM, selection rule = cH ~ O(mw*/M*)

dynamics with Higgs as PGB
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Efy,(_jg ~ 0(167T2 P X —92

Christophe Gr?/'ean EFFective %996 I3 Zurich, 722" Jan. 2013



Probing Higgs New Physics

=—=——_ probing Higgs interactions: g or f

5_1{2 OH (HTH) aﬂ (HTH) Parametrize corrections to
v tree-level Higgs couplings:

W HgtH ¢ Hp + hec.

V2 Ac  v?
— ~— =

ol 3 csm

o (17111

RN —

. CH B CH _ _ 3
. Cv_l—7 C¢—1—(7+C¢> d3—1—|—C6—§CH
L ]
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Probing Higgs New Physics

—  probing NP scale: M = g+ f

C DWW h
;Wf (H'o% D" H) (D' W,)" pH
myy

- 002, Zh
B (H'iD"H) (6" Bu)

2myy 8 Vv Zh

Use equations of motions: D,V,,V,h = (m3 V, Yy, )V h

OA (%)
_____ Asm A?

inclusive WW,ZZ rates
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slide courtesy @ R. Contino
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Probing Higgs New Physics

— _ probing NP scale: M = g~ f

cw g = DMW:VWV_h

0,2 Zh

cgyg’ = 5

o (H'iD"H) (0" B,)
W 8lufylul/Zl/h

T ——

direct(tree-level) contribution to EW oblique corrections

LEP already puts strong & (G +2p) <1072
bounds on these operators ~

L'(h — WHWH)
D(h — WEW*) g

~1—2cw

slide courtesy @ R. Contino

I'(h — Z%) Z%)
F(h — Z(*)Z*)SM

~1—18¢cwy —0.6¢cp

inclusive rates
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Probing Higgs New Physics

— _ probing NP scale: M = g~ f

G D WTW ™ h
;Wf (H'o% D" H) (D' W,)" pH
My
o _ 8,2, Zyh
o (H'iD"H) (0" B,)

W 8u’hwzuh

Chris fophe Gr?/'ean

possible strategy: new contribution

is ,cuton ¢ =m(l1)* =====

dl’ drl’ q° 1672
— — ~1+c¢ ~- ] <1+e¢

slide courtesy @ R. Contino

NP could in principle be seen in differential distributions in h—>ZZ*—>4|
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Probing Higgs New Physics

loop operators

/ (D*H)" (D*H) B,,,
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Corrections to h—WW. Z/ rates:

Corrections to h—-WW, ZZ differential
distributions and h—yZ rate:

Corrections to h—~y rate:
(PGB scenario)

Chrrst ophe 6/‘9/3&/7

oA

SM

~(7) <

0A
Asur

~(

~(
)

EfFective Higgs

0A
Asm

Q%M
g2

Ny =

1672 f?

’U2
?)

WIEW L h, ZuwZuwh,

/Y,uz/y,uuha Z,zu/}/,uuh

Cww
Sln(26w>

— 7 COt(@W)

GuGuh

)

2
myy,

16

@)
5
— T tan(Oy) =
@)
O
o
®
P>
w0
o)
e
e
-]
o
S
o)
S
[%)
0.A (v2 >
Asnr f?

Zurich, 722" Jan. 2013


http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
mailto:christophe.grojean@cern.ch?subject=Probing%20Higgs%20physics
mailto:christophe.grojean@cern.ch?subject=Probing%20Higgs%20physics

RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

_ (0) & T _
CZ(ILL) ~ 5@' + f%ﬁj 8_7'(' 10g W Cj(M)

anomalous dimensions

dominant effects: loops of Goldstone bosons (couplings g+)

CH CH 0 00
d o (0 _
Md— Cw =+ CB = 877 cw + ¢B Yij = (1/12 0 0)
H CHW + CHB CHW + CHB 700
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

_ (0) & T _
CZ(ILL) ~ d@j + f%ﬁj 8_7'(' 10g W Cj(M)

anomalous dimensions

dominant effects: loops of Goldstone bosons (couplings g+)

2 2
_ _ g M _
cw+B(K) = cwip(M) + #167r2 log (W) cu (M)
~— —
2 2 9 2 2
Mwoy, 2D Te Wy Log
M?2 1672 f2 1672 M?
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

_ (0) & T _
CZ(ILL) ~ d@j + f%ﬁj 8_7'(' 10g W Cj(M)

anomalous dimensions

dominant effects: loops of Goldstone bosons (couplings g+)

2 2
_ _ g M _
cw+B(K) = cwip(M) + #167r2 log (W) cu (M)
~— ~—
2 2 2 2 9
Mwoy, 2D e W X Log
M?2 1672 f2 1672 M?
92 ...... .M.2 ............
caw+nB (1) = eaw+ (M) + # 1 — log (W) ca (M)
~— ~—
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

_ (0) & T _
CZ(ILL) ~ 5@' + f%ﬁj 8_7'(' 10g W Cj(M)

the case of vy
(no loop of Goldstone, need loops of weakly coupled fields)
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

_ (0) & T _
CZ(ILL) ~ d@j + f%ﬁj 8_7'(' 10g W Cj(M)

the case of vy
(no loop of Goldstone, need loops of weakly coupled fields)

2
h g My,
Cyry (M) = [1 — #log — ] Cyy(A) — 755 log ——cw+B(A)
2 2
g V 92 mIQ/V 92 2 92 « LO
1672 f? 1672 M2~ 1672 f2 g2 J
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

Ci(p) ~ 5--+7-(Q)ilog 'u—z c;(M)
) 1) 7 87T M2 J

the case of vy
(no loop of Goldstone, need loops of weakly coupled fields)

.................................... S TSR
h g° My,
Cyy(Mp) = |1 — #log A Cyy(A) #W log TCW+B(A)
2 2 )
g V 92 m%}[/ 92 292
1672 f? 1672 M2~ 1672 f2 g2

for weak models (g~~g)
dominant contribution forgotten up to now
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

Ci(p) ~ 5--+7-(Q)ilog 'u—z c;(M)
) 1) 7 87T M2 J

the case of vy
(no loop of Goldstone, need loops of weakly coupled fields)

2 Mh

My, g
Cyy (Mp) = [1 — # log T] Cyy(A) — #W log TCW+B(A)
N — ~—
g° v g g> my _ g° vy’
1672 f2 g2 1672 M2~ 1672 f2 g2

for strong PGB models

important contribution forgotten up to now
g a
but screened by cq and ¢+ contributions (unless large Log)
g2 ,02
cH and ¢t > 75
| . | ‘ 167~ f |
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RG-Higgs physics: Don't forget LEP!

d CH o Cy
The parameter ‘a’ controls the size of the one-loop “du ( e ) I ( e )
IR contribution to the LEP precision observables

0 00
7 = (1/12 0 0)
770 0
€1,3 = c1,3log(my/p’) — c13a% log(mi /u?) —c13 (1 —a?) log(mi/;ﬂ) + finite terms

N 3 a(myz) 7l 2,1
C1 = >
1672 cos? Oy, W3 z N 1,2 27N

AN MNAN - - e
1 a(my) ‘e / %MN\V%
€3 = i

127 4sin? Oy

B
h h

B IR g SR S
| B

As per 6. Passarino's request:’ d d d d

Roseta's iPad MMt Log. div. cancel only for a=1 (SM)
a=Cv=Kv azl log. sensitivity on the scale of new physics
Christophe Gr?/'ean EFFective %996 19
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RG-Higgs physics: Don't forget LEP!

7&38 TeV LHC data capmm"" 7 7&8 TeV LHC data & Tevatron + EWPD
2) j “““““““ T e 1 5 R
ﬁ 1.0
1 I
| 0.5
c 0 C 00

— 1 L I
: ~10

2 NS 150 5

0.6 14 0.95 1.00 1.05 1.10
2 = a i

EW data prefer value of 'a’ close to 1
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Light composite Higgs from “light" resonances

contribution from
/ the strong sector

The interactions h - ‘ —-h =0 it's a Goldstone
between the strong

sector and the SM SM fields
generate a potential il o

for the Higgs ] . D e b . "

Impossible to compute the details of the potential from first principles

but using general properties on the asymptotic behavior of correlators
(saturation of Weinberg sum rules with the first few lightest resonances)

it is possible to estimate the Higgs mass

160 GeV
mg 700 GeV () k !
3 m2m,2 125 GeV my 500 GeV
2 t'Q N : i —
my ~ 2 f2 | fermionic resonances below ~ 1 TeV
G/H | vector resonances ~ few TeV (EW precision constraints)

~ for a natural (<20% fine-tuning) set-up ~
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Light composite Higgs from “light" resonances

true spectrum in explicit realizations

o1 —————

myk [TeV]

5] 21/6

c3
SOOrR' L 4 12/3

i 2 B S S TN TN SN SN SN S S S T S S S S S S T T ]

| P | e ol

115 125 135 145 155

100 120 140 160 180 200 220 240
my(GeV)

165 175 185
[GeV]

MHiggs

for similar results, see also

&

Nice AdS/CFT i .

. 1
Dim|Oy| = 5 + My + 5\

My =1/2 < dim|Oyg] = 3/2 <> light free field decoupled from CFT
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Rich phenomenology of the top partners

- Search in same-sign di-lepton events *
: -
B 77+ /e?s is not a background [except for charge mis-ID and fake e’] N w 7
B the resonant (¢4/) invariant mass can be reconstructed Ts/3 )
: : T. t
' discovery potential (LHCiatev) ARy
Ms/3=500 GeV (oxBR=100/fb) — 56 pb! ¢
Ms/3=1 TeV (oxBR#2/fb) — 15 fb! i "30;n5 A
che>
................................................................................. & CM§ éear dé
Nn ode! independert)
- :ng»m</
pp;»Ts,sTj% J Ts53/B
q )
A - Wi /Wy,
I pp»T5/3T5/3x\*\";""'t---~-...,_.;_:"; Ty )3/ B
600 800 1000 1200 1400 1600 1800 2000 g :

My [GeV]

S/./?ﬁ/ e pf‘ OO/é( CZI‘O/’? (rode/ c/epenc/ehi‘>
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Top partners & Higgs physics

— ~ current single higgs processes are insensitive to top partners ~
—( //g
P S Q } two competing effects that cancel:
S ) )
= @ T's run in the loops
B\ - = @ T's modify top Yukawa coupling

o 4tey ~ 50 pb
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Top partners & Higgs physics

— _~ current single higgs processes are insensitive to top partners ~
— //g
e N } two competing effects that cancel:
e 1 .
S @ T's run in the loops
P = n g pp—+h £=025 exchaded @ 7 Teh

“\ i @ T's modify top Yukawa coupling

SM ~ ;"“ LET
01itey ~ 00 pb

 1GeV)

~ ~ small sensitivity in double Higgs production ~

4.0 12

£=025.smad; > 0.5
g KOCOO /’h. /OOOO /’h, < J.20, SIN @y ).. 111“ I.\
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Top partners & Higgs physics

" direct measurement of top-higgs coupling

htt is important but challenging channel

may be easier channel to look at

look at final states:

B3b+1fwd jet+ I+ p’. 4b+1fwd jet+I=+p’.

Aw — A, |
@mu=125GeV Aw — Ay ~ 13

|Aw + A|?

- - = e o =

a(pp — tjh) [fb] | o(pp — tjhb) [fb]
CF=1 CF=—1 CF=1 CF=—1

8 TeV 17.3 252.7 12.14 181.4
14 TeV | 80.6 1042 59.6 828.5
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Top partners & Higgs physics

direct measurement of top-higgs coupling
single-top in association with Higgs
B.{ p as s s s 3 |.5F L
1.0 * 1.0 *
0.5 : 0.5 :
=~ 0.0 & 0.0
~0.5 | 0.5} P = -
e ey
-1.0 s | - 1.0} g |
cud < LHC 8TeV 25/fb . < LHC 14TeV 50/fb
06 08 10 12 14 06 08 1.0 12 14
¢ Cr
GSh and 95 CLl exclusion regfon VS current %//395 cOap//ng £t

R R R ——————————————————————————————————————— R ——————————————————
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Conclusions: Higgs = Person of year?
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What do you think?
Should The Higgs Boson be TIME's Person of the
Yoar 20127
Definitely No Way

Take a moment to thank this little particle for all the
work it does, because without it, you'd be just
inchoate energy without so much as a bit of mass.
What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
at Europe’s Large Hadron Collider — Rolf Heuer,
Joseph Incandela and Fabiola Gianotti — at last
sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The
Higgs — as particles do — immediately decayed to
more-fundamental particles, but the scientists

" surely be happy to collect any honors or

s in its stead.

is: Step inside the Large Hadron Collider.

EfFective Higgs
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