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Higgs: the story so far
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Effective Higgs Lagrangian

@ Starting with SM + dimension 6 operators effective
Lag ranglan — For details see Eduard Massos talk

@ Ignoring 2-fermion vertex and dipole operators (most
of them strongly constrained by precision
measurements)

@ Ignoring CP-violating operators (no interference in
inclusive observables so effects expected smaller)

@ Require no tree-level and no power divergent 1-loop
corrections to electroweak precision observables



Simplified Effective Higgs Lagrangian

h
i M ( 2CV'TTI/‘/VI/V_'—I/V +CvaZ Z

—Cy Z Mg = Cd Z mqqq — Ci Z myll

q=u,c,t q=d,s,b [=e. %
g
+ZCQQGW/GW/ 2 ZC”Y’Y’YMV’YMV
1 1 |
! W g
s 2CWW MALETY, 4CZZZ;u/Zp.V 2CZ7’7,u1/Z;u/
Cw c2 —s2
CWW = Cyy T S_CZ'y CzZ = Cyy T ! CZ~

@ Simpler effective theory with 7 free parameters
@ Limit of SM+SILH with constraints ¢r =¢ =0 cCHw +C¢up =0 cg+Cup =10

® Standard Model limit: cv=ce=l, cqg=Cyy=Czy=0
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Global fits

I fit couplings of the effective theory to
available ATLAS, CMS, and Tevatron data and
EW precision tests from LEP, SLC, Tevatron

For EW precision observables, I assume
vanishing contributions to EW observables
from higher dimensional operators at
threshold A=3TeV (only running effect from
threshold to EW scale included)

Starting with unconstrained 7 parameter,
below I give central value and 68%CL
range. Then I'm moving to constrained 2
parameter fits motivated by new physics
models

Ignoring systematic and theory errors.
Assuming errors in different channels are
Gaussian and uncorrelated (except for in
EW precision tests)

But taking into account 2D likelihoods in the
GGF-VBF plane, whenever available
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7 parameter fit

+0.03
V —_— 1 04 —0.03 Belusca-Maito, AA

arXiv: 1311.1113
Cou & 1.29f8‘§g

Cd — 1.031_8'%;

¢ = 1104018
Best fit and 68% CL range for

+0.0049 i -

i parameters (warning, some

ng 0'0044_0-0037 errors very non-Gaussian)
e +0.0011

Cyy = 0.0014 %5 6010 € bl

= 0.0041 g3

AXZZXZSM o szzn =~ 5.3, Wlth 7 d.Of
the SM hypothesis is a too perfect fit :-(((


http://arXiv.org/abs/arXiv:1311.1113
http://arXiv.org/abs/arXiv:1311.1113

7 parameter fit

Err it 1 O4t88§ _ — It couples to W and Z mas:_!!(!) 3
; using only Higgs data: Cy = 1'03—0'08
27T 29+0-25 S
Cy — 1. g an —> 20 hint it couples

It couples to {9.Up quarks

e +0.27
Cd 7 1'03—0,17/  AGULL It couples to

: —  leptons!
o = 1107018

cgg i _000441—88832 P o SO No sign of direct

coupling to gluons

o +0.0011 (c.f. effective cg3=0.012 in SM)
eals i 0'0014—0-0010 T quite strong limit
; on coupling to photons
cz, =0.0047 20

008 (c.f. effective cyy=0.0076 in SM)

Weak limit on coupling fo Zy
due to weak experimental limits
(c.f with effective czy=0.014 in SM)



7 parameter fit
Higgs data alone:

12/12/2013

******** By =1.051010  079<cy <119 @95% CL

EW data alone:

cy = 1,08J_f8:8; 095<cy <121  @95% CL

cy = 1041008 0.98 £ 1.09 " 71@95% CL

@ Overwhelming evidence it is a Higgs boson

@ Statement independent of possible higher order
couplings to W and Z

@ Smells like Elhe Higgs boson



7 parameter fit

8y 9 g 15 04+8 83 g — It couples to W and Z mass!!
8 +0: 20
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It couples to t K
o 1 03—'__8%; £ — down quarks! gl s
: It couples to

o ]_]_Otg:llg —  leptons!

ng — —0 0044+8 883(7l i No sign of direct

coupling to gluons

B +-0. 00\ (c.f. effective cg=0.012 in SM)
Cyy = 0. 0014 %5 0010 Quite strong limit

O OO4+0 016 on coupling to photons

0.03 (c.f. effective cyy=0.0076 in SM)

Weak limit on coupling fo Zy
due to weak experimental limits
(c.f with effective czy=0.014 in SM)



7 parameter fit e

Couplings to gluons and top probed by gluon fusion
Higgs production mode

Cust ¥ g1
02@% Cgg,5M|

Egg N Cgq + 0.0128 c,,
|égg,SM‘ ~ (0.012

Degeneracy between cgg and cu
broken (slightly) by diphoton decays

and by the tth production mode bb
TT
Oftth & 2 \
SV R €.l
Otth 3]
Same-sign 21
Current limits on tth production still weak +2.5110
Otth g New CMS tth combo
SN — —0.4+ 2.7 i —2511.0 HIG-12-035
o SM HIG-13-015
tth Otth
ATLAS CMS HIG-13-019

Combined BB and YY channels



7 parameter fit
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7 parameter fit
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ng — —0 OO44+8 88%% b No sign of direct
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Cyy = 0. 0014 %5 0010 Quite strong limit
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0.03 (c.f. effective cyy=0.0076 in SM)

Weak limit on coupling fo Zy
due to weak experimental limits
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NEW! PROGRESS IN TT CHANNEL

CMS Preliminary, 4.9 fb"at 7 TeV, 19.7 fb' at 8 TeV
ATLAS Preliminary ® Data
H-tt VBF+Boosted ~ — M(1239)=wrlu=l)

1 B Z- -
[Ldt=20310 B Others

\s =8 TeV P Fakes
Uncen.

“ SMH(125 GeV)-~1r
eu, erh, urh, Tl =f= Data - Background
J. [] Bkg. Uncertainty

T

200

In(1+S/B) w. Events / 10 GeV

300
m,, [GeV]

“~~1 SM H(125 GeV)—1r

—— observed

'y
o
o
o

— H(125)— 1t (u=1)
H(110)— Tt (u=1)
«ees H(150)— 1T (U=1)

@ electroweak
C— aco

O
o
o
w. Data-Bkg.

o

S/ (S+B) Weighted dN/dm_[1/GeV]

60 80 100 120 160 180 200
,ﬂr\,:MC [GeV]

o

- Rate slightly larger than in SM
- Rate in good agreement with SM U = 1.4-0.4+0.5

U = 0.87+0.29

CMS Prefiminary, H—-1r, 4.9 0" at 7 TeV, 19.7 1b"' at 8 TeV

Mass resolution much
worse in this channel




7 parameter fit

ey = 1.041008
Cou & 1.291“8:3?

o 1.031_8'%;

¢ = 1.10+018
cgg = —0.00447
Cyy

0.0049
0.0037

0.00141: gg;N

— 0.004+3%16

— It couples fo W and Z mass!!!

o 20 hint it couples

It couples to to up quarks

______—"down quarks!

It couples fo
leptons!

No sign of direct
coupling to gluons
(c.f. effective cgg=0.012 in SM)

Quite strong limit
on coupling fo photons
(c.f. effective cyy=0.0076 in SM)

\

Weak limit on coupling fo Zy
due to weak experimental limits
(c.f with effective czy=0.014 in SM)




What does it mean for generic new physics
p

c cv
i 7\—2-6“(lamaaf)a,u(H’fH) = doy =~
95%CL Limit 6cy| <01 = A >800GeVcl/?
2
(il S, U
Operator 1672 H HGp,qu,v = 5099 - LT
95%CL Limit 0C,,| S 0008 = A > 250GeVc!/?

and so on...
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2-parameter fits: loop inspired

Assume Higgs couples to new scalars or fermions

Shs’fs—cf fhff

Heavy scalar or fermion in color representation r
and charge Q contributes to eff. Lagrangian as

Qe[ 2 1
0Cua = | —c+Colrs)+ —c.Cs(r,
g9 o\ 3 f 2( f) 6 2( )
O, [ 2 1 .-
By = —— 3cfocd('rf) L 603Qﬁd(r5)

~0.0010.000 0001 0.002 0,003 0.004 0.005
Cyy For fundamental color representation (quark)

C2=1/2 and d=3




Supersymmetric top partners (stops)

o If 2 stops are light and theres no mixing between left
and right-handed stops, lower limit on the mass from
Higgs searches around 380 GeV

o If only 1 stop is light and mixing is small, then limit
around 260 GeV

@ But for large mixing the coupling the Higgs may be
reduced, in which case the limit goes away

No mixing

LH stop

RH stop
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GBHiggs couplings to SM fields

Higgs = Goldstone Boson of SO(5)/SO(4)
h

described by angular variable sin —

f

f sin

@ 2 gin @ <
7 \/1 [ AW, W

Coupling to W and
model independent

) e Coupling to fermions ; :
| model dependent " i (})COS” (})

Slide gtolen from Francesco Riva




Composite Higgs Fits

12/12/2013
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Higgs data: f=700 GeV

Higgs+EW data: fz1.2 TeV



Composite Higgs and EWPT

Integrating out composite resonances produces a shift of S
Ea 2 2 e o
AS = 8mv*/m; m, ~ 0.8gf
Also, a shift of S and T due to cV«l
3(9F+ g8 ) v . o
871"(]‘7" fe log(m,p/mz), But there can be other corrections

o to S and T, e.g. from heavy
fermions...

AT ~ —

1 v
AS ~ — log(m,/m

£>1.3 TeV'{less than 57% cordeCiicRRizas e with AT-~0.1, f below TeV allowed (>10% corrections)






Type II 2 Higgs Doublet Models

cy=1; cgg=c,,,=c7,=0
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2 parameter fits: invisible width allowed Excluded by monojet

searches
in CMS and ATLAS

Higgs-por&od. Lmspirad new F:kjsi,t:s SRR pd] 1205. 3169

0.10 0.15 020 025 030

il
il
il
II
N
i
il
il
il
==
Br nv

Excluded by
ATLAS and CMS
H—invisible searches

- If all couplings at SM value, invisible branching fraction larger than 22%
disfavored at 95% CL

- Allowing invisible width and simultaneously new contributions to Higgs
couplings to gluons gives more wiggle room

- For the sake of the fit, “invisible branching fraction” could be “branching
fraction into anything that LHC is currently insensitive to”, for example h->4j
- But for truly invisible width, monojet searches and ATLAS LEP-like search
place non-trivial bounds on this parameter space!


http://arxiv.org/abs/1205.3169
http://arxiv.org/abs/1205.3169
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Exotic Higgs Decays - Why?

Indirect constraints (via visible decays) allow for up to ~25%
branching fraction into exotic states (if the Higgs production
rate 1s as in the SM), or even up to ~50% with some conspiracy
(1f the Higgs production rate 1is enhanced). That means the LHC
cross section for exotic Higgs decays could easily be order
plcobarn

The SM Higgs width is’ just 4 MeV, so even weakly coupled new
physics can lead to  a significant branching fraction for
exotic decays. E.g., a new scalar X coupled as clHIM2 [X|A2
corresponds to BR(h-X*X)=10% BR for c~0.01.

Thanks to the large Higgs cross section even tiny exotic
branching fractions may possibly be probed. For spectacular
enough sighatures we can probe BR~0(10A-5) now and BR~0(10A-8)
in the asymptotic future. [ Note that the Higgs was first

discovered in the diphoton (BR~10A-3) and 4-lepton (BR~10A-4)
channels ] -



 Exotic Higgs Decays - How?

No new light
degrees of freedom
beyond those of the

' . SM

New light degrees of
- freedom affecting
Higgs decays

= M_ult_iple 3% e 2
- Dbossibilities, large ; _ = | Leading effects
model dependence — S _ - expected from

dimension G
operators beyond
the SM



Exotic Higgs Decays: SM+X

Excluded by
monojefts

-Examples:

. h > 1nvisible :
h » XX, possible e.g.
Higgs portal DM models

2 2 _ i + ‘ Excluded by
X IH‘ ' - Iy ZH—invisible:
| | i

Searches ongoing, 1nteresting
experimental limits, -but somewhat
stronger indirect limits

Favored

_______________

h > monophoton/monoZ
h » XV, possible e.g.
1n hypercharge portal
models or in inverse
see-saw

[H|* X By

No experimental limits whatsoever, and I’m not
aware of ongoing experimental searches...,.



o Exotic Higgs Decays: SM+X
Examples:

h > Four Fermions
e.g. h» 1X > ZIl1 » 41

yh X1 + h.c.
gZu)_('yﬂl + h.c.

Not so fast: recent fr/‘/epz‘ot) bownds
: : - . exclude X—>Ze or X2 with <125 GeV/
- can arise e.g. in models of composite _ S :

leptons - —’—————__________,_——;—"”'? Asz.xL»;Z17A5'c?K'

- F can be lighter than 125 GeV for all ' AA, Straud, Vicente,un proﬁre_\SS
we know, so Higgs cdan decay to on-shell

F

- Yukawa coupling as small as 0.01
leads to BR(Ch->1X)~0.01

- Distinct kinematics from the golden
channel (Z-1 resonance,)

- - If F couples to 2 different fermions
then Z 1 1° signatures with no SM

background work in progress with R.Vega-Morales



Conclusions
@ Higgs is here to stay.

@ In first approximation looks very much like the SM
Higgs

@ Combination of Higgs and electroweak data puts strong
constraint on certain dimension-6 operators containing

Higgs field

@ 687% CL constraints on 7 leading parameters governing
Higgs interactions with matter at the level between
5-30%

@ No slightest hint of new physics at this point



