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- Higgs Boson:
experimental status




Higgs in Run-1

my = 125.09 + 0.21(stat.) + 0.11(syst.) GeV,

Signal strengths in Run-1

. i ATLAS and CMS -o- Observed 10
@ Higgs mass very precisely LHC Run 1 W Th. uncert.

measured, probably more
precisely than we'll ever need

@ Several decay modes observed
with high significance: vy, zz*,
WW?*, TT. BB not too far from
present sensitivity. Non-trivial
constraints on UMY and Zy modes

@ Two distinct production modes
observed: gluon fusion, and
vector-boson fusion. VH and ttH
associated production not too
far from Run-1 sensitivity

® Measured rates in perfect

agreement with SM predictions 6 8 10
o - B norm. to SM prediction
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Higgs in Run-1

Non-trivial correlations between measured signal strengths of different production
modes. Unfortunately, public information not enough to fully reconstruct them

I T T ] :
. ATLAS and CMS - Production
“LHC Run 1 _ ( ggh -+ tth )

VBF+VH

f

w

VBF + Vh
Wh
Zh

| —68% CL + Best fit
C 1 1 | 1 1 1 1 |
0 1 2

* SM expected
1 1 1 1 |
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Higgs in Run-2

ATLAS Preliminary M, =12509 GeV
ATLAS Preliminary * SM

4 Best fit AH-yy 0H-ZZ"-4l QCD scale uncertainty
— 68% CL ¢ comb. data M syst.unc. M TOt.uncert. (scale & PDFuat)

m,, = 125.09 GeV .-+ 95% CL
—H — yy

- H — ZZ* — 4l

Vs=13 TeV, 13.3 fb'(yy), 14.8 b'(Z2)

\s=7TeV, 451"
Vs=8TeV, 203"
Vs=13TeV, 13.3fb" (yy), 14.81b " (2Z*)

80 100

(0 B)l ¢/ B, [PbI

@ For Higgs analyses, the energy gain from 8 to 13 TeV is less relevant than for
heavy new physics searches: cross section increases only by factor of 2.
Therefore, progress with respect fo run-1 is less spectacular.

@ Nevertheless, already enough data analyzed fo rediscover the Higgs boson at 13
TeV, and rates are measured with similar precision as in Run-1

@ So far, Higgs rediscovered in Yy and ZZ channels
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Higgs in Run-2

So far...

#(CMS)
7 ggh
VBF 1617550
023518 | -
tth

ggh 0.96755;

VBF 0.67 567

o0 | -

VBF

Where run-2 measurements are available,
precision is comparable to run-1 resulfs
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tth production

Production process | ATLAS+CMS | ATLAS CMS _ B .
ATLAS Preliminary tiH (bb), \s = 13 TeV, 13.2 fo’* CMS Preliminary 277 (13TeV)
TS 103+O.16 126+0.23 084+0.18 T T T T T e ;
99 V2 _0.14 <9 _0.20 97 _0.16 — Tot.
+0.16) (+0‘21 ) (+0‘20) Stat Le i
. pton+Jets —a—
(—0.14 -0.18 -0.17 Tot. ( Stat. Syst. ) 1
HVBF 1.18 ig%g 1.21 tggg 1.14 tggz Dieot 4.6 29 (114 26
: : : epton —Q— - -2. -1. -1.
(+0.24) (+0.32) (+0.36) e - — 23018 19
-0.23 -0.29 —0.34 Dilepton
+0.40 +0.56 +0.57 #1.1 [ 405 +1.0
HwWH 0.89 ~0.38 1.25 052 0.46 20.53 Single Lepton| e 1.6 "1 (05 09 ) T3
(+o.41) (+O.56) (+O.60) = u=-2 o
-0.39 -0.53 -0.57) [N Tttt 1 1.8
. +1.0 !
Hzn 0.79 *0.3¢ 0.30*035 | 1.3570% Combined|  Fe= u=21, ] Combined -
' == 8 10 12 14 16 18 L
Best fit p = 6™/ for m, = 125 GeV -10 -5 0 5
Best fitu = o/cSM atm, =125 GeV

CMS Proiiminary  2.3+1291b" (13 TeV)

L L B L
ATLAS Preliminary Vs=13 TeV, 13.21b" my, = 125 GeV
. y—p—————r— — —tot.  —stat. tot (stat, syst L +0.8
T .r . T 1 ( yst ) ‘Lt — 2.0_07
ATLAS Preliminary 1s=13TeV, 13.2-13.3 fo' 20 0hag - 4.0 27 (47, 50 '
—total ~slat, (tot.) (statl. , syst. ) 14
' 2011y, 36 (+28 +23 w=25""
tH(H-yy) | e 03 2 ( +12 +02 ) Thad F—e—m 6.2 57 (53, 17) 2 1e ol
(13TeV133% ") 10 -10 -02 ;1-8.0 14
s or | et 0577 (13, 1D
"H{H »WW."?:"ZZ) it 2-5 .l .‘ ( :0; ' :09 )
(13TeV1320) 4¢ ] <22 (68% CL) W, NO th
tH(H-bb) L S 2.1 .‘;g °gg . 'g? ) ey [ 13 1 i
(13Tev 1320’ ' Combination F-o-H M — 2 5+ . eLno T
----------------------------------------------------------------- P I N B *~-1.1 | u-'-’.‘j:‘: L ) »
ttH combination e 1.8 07 (04, 05 0 5 10 ™ <V 25 =2-10 1.2 3 4 5
(13 TeV) 0.7 : : best fit y__ for m,=125 GeV Best fit 1 = c;/crSM
+08 +05 0.7
ttH combination e~ 1.7 o 051 08 )
(7-8TeV, 452030 )| | | 1 1 1

0 2 4 6 8 10
best fit e, for m, =125 GeV

@ For ttH, cross section increases by factor of 4
between 8 and 13 TeV LHC, so progress is faster.

@ Naively combining 13 and 8 TeV results, one could
claim discovery of ttH and a 2.5 sigma hint of

new physics!
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Effective Field Theory
approach to Higgs data




Effective Theory Approach to BSM

H=—

Basic assumptions 1 ( )
o New physics scale A separated from EW scale v, A >> v vV2\vt+h+...

@ Linearly realized SU(3)xSU(2)xU(1) local symmetry spontaneously broken by VEV
of Higgs doublet field

EFT Lagrangian beyond the SM expanded in operator dimension D

Appear when starting from BSM theory,

and integrating out heavy particles with m=A Cutoff seale of EFT
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Effective Theory Approach to BSM

Basic assumptions

@ New physics scale A separated from EW scale v, A >> v

@ Linearly realized SU(3)xSU(2)xU(1) local symmetry spontaneously broken by VEV
of Higgs doublet field

EFT Lagrangian beyond the SM expanded in operator dimension D

J 18N/
BrT = LsMm + L’X + 2L’D_6 3£X7+—41 S0,
A A

()

/ :\*‘ By assumption,
subleading
Lepton number or B-L violating, to D=6

hence too small to probed at LHC
Generated by integrating out
heavy particle with mass scale A
In large class of BSM models,
describe leading effects of new physics
on weak scale observables
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EFT approach to BSM

@ To understand all possible leading order deformations of Higgs
couplings, we just need to know all possible D=6 operators

Buchmuller,Wyler

@ First attempts to classify dimension-6 operators back in 1986 pre-arxiv (1986)

@ First complete and non-redundant set of operators explicitly Grzadkowski et al.
written down only in 2010 1008.4884
@ Operators can be traded for other operators using integration
by parts, field redefinition, equations of motion, Fierz
transformation, etc
See e.g.

@ Because of that, one can choose many different bases == non- Grzadkowski ef al. 1008.4884
dundant setc of ¢ Giudice et al hep-ph/0703164
Fe U e ey Contino et al 1303.3876
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Warsaw Basis

| | Grzadkowski et al.
Bosonic CP-even Bosonic CP-odd 1008.4884

(HTH)? 4
(H O ) Assuming baryon and lepton

\HTD,H? number conservation,
H'H G, G, o | HUHGLG, 59 different

T i i ~ t I 1A i !
Wi W T Wi kinds of operators,

H'H By, By, = | H'HB,B. :
HiG H Wi, B, | o, of which 17 are complex

EijkWﬁVngW;cﬂ Eijk”W“/iVngW/lfN
fabege G e fabecia qb e 2499 distinct operators,

pv S vp pp v vp pp

Table 2.2: Bosonic d = 6 operators in the Warsaw basis. inCIUding ﬂClVOI" S'l'rUC'l'UI"e
and CP conjugates

Alonso et al 1312.2014

Example of a basis:

Ol 11y | HIHeSHE,
O s | HYHuSHY gy
0% )1y | HTHdSHq,

Vertex
oM, | ilio b HIDH
091, | itioie, 0 H o' DL H
Oy | icsoesHIDH
[ng]u iCjI@LQJHTE)H

(3) iqro'e To ! T i .
O 1y | iqro*ouqH E)H ! o +4 Fermlon

Ondis | iubo,asHIDLH

[Onal1s id?UMCZ?JHTEiH i c 1! Ti ‘ O P e ra'I'O rs

Orudlrs | iu§o,dSHI D, H
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Bosonic CP-even

Example:

Bosonic CP-odd

On S [0,(HTH)]?
Or = (H1D, H)
O ~ A (HH)?
0, Iy HTH G, Ge,
0, wv By
Ow | 7% (HTa "DyH) D,W]
o 2,,5 (H1Dut) 0, By,
Onw 2m%v (D, H'o'D, H) Wi,
Onp | % (DuH'D,H) By,
Oaw L D,W;,D,Wj,
Osp %Va B,.,0,B,.
Osc %VD Ge,D,Ge,
Osw Tg—w iR Wi Wk
Osco gs facha Gb Ge,
Table 1:

nv

Oce 9 HTH GG,

~ g,V;’ R

OBB m%v prv v

Onw | 5% (D,H'o'D,H) W},
w

Onp | 3% (D.H'D,H)B,,
W

63W n,;;_j zngz Wj Wk
W

~ Qs abca b c

Osa f G ,Gr,GoL

Bosonic D=6 operators in the SILH basis.

+4 fermion
operators
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SILH Basis

Giudice et al hep-ph/0703164

Contino et al 1303.3876

More bosonic operators,
at the expense of some 2-fermion
and 4-fermion operators
Total still adds up fo 2499

Yukawa and Vertex

ods | LT e,
Oy | Y™ 5t g, Hu,

[Oali —WHTH(jinj
[Orelij i@i'yuﬁjHTHZH
[Oudiy | w2lio k’YungTUkE)H
[Omeliz % ’yuéjHTHiH
[Onqlij UTQiVMQjHTEIH
[Oqlis &G yq HoV Dy H
[Omulij v%ﬂfyuujHTEzH
[Omalij J—;Ji%deTE)H
[Onudlij Ly, d; H D, H

Dipole

[Oew]ij mW \/2mv g, 0" Hop,e;WE,
[OcBlij I /2me lm 2 E-HalwejB
[Ouclij nfév . sz i qZHaWT“u]G“
[Ouw]ij # v 2m: T L UkHO'W,uJWkV
[OuBlij ;1% \/zmzimuq,HaWuj B
[Oaclij | w3~ 2 Ty Lq;Hop Td; G,
Oawlis E%;—\/m F Hoyd; W,
[OaBlij nfév \/quHam,d B
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Higgs couplings to 2 gauge bosons:
h
- =5[2(1 + 8¢y )My WIW, + (1+ éc,)m% 2,2,

+cww gL W+ W L, + Cww gL W;VW;V + cwgg% (W;B,,W,j,’, + h.c.)

gs a va e? €gL %
tCgg _G;u/G;u/ + ey A Apy + Coy o Zpp Apw + €225 5 Zpv Ly
4 4 2Co 4c?
+czDg%ZuauZy.u + C'yl:]ngYZ 61/14;“/
2

2
~ 9 €gr

209

Higgs couplings to 2 fermions:

bic Hi % ATy
Cubic: Fhog il Lagrangian also contains Higgs couplings to:

o 3 - 2 fermions and 1 or more gauge bosons
Lh,self - ()\ T 5)\3)Uh ’ - 3 or 4 gauge bosons
- itself (quartic and higher)

LHCHXSWG-INT-2015-001
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@ BSM corrections to Higgs couplings in BSMC Lagrangian can be related by linear
transformation to Wilson coefficients of any basis of D=6 operators

@ Unexpected dependence of fermionic operators due to rescaling of SM couplings

@ Corrections to Higgs and other SM couplings are O(1/A"2) in EFT expansion.

1 ~ ~ ~ ~ 392 + g/2 ~
2 g [49,2(CW + e+ G2 + cow) — 29°Cr + 5 [Crreloz

g2
3,
2

[h14)22,

1
2
1

2

g/2 g/2 5
———5 |CHW + —5CHB — 4= sjC ] :
72+ g2 { P 3 56Cy

Example:
Higgs couplings
expressed by
SILH Wilson coefficients S 4 [ g” 11

(Cuw — cuB) + g gr | et ?(EB +ep) - or + 5[03%]22] :

B B ~ g/2 ~ ~ ~ 1_ 1 y
cw + cgw + cow + 9—2(63 +cgp + CQB) — §CT + §[CH£]22 ,

+ 2 Cyy + € +g/2(‘ + ¢2) L. +1[" ]
e — ——= | C C —\C C — —=C —|C
92_9/2 W 2W 92 B 2B 9 T 9 He122 ] 5

B 3 1.
Co — 5CH — §[CHe]22

See
LHCHXSWG-INT-2015-001

for full dictionary and other bases
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@ Corrections to Higgs couplings in phenomenological effective Lagrangian can be
related by linear transformation to Wilson coefficients of any basis of D=6
operators

@ Unexpected dependence of fermionic operators due fo rescaling of SM couplings

@ Corrections to Higgs and other SM couplings are O(1/A"2) in EFT expansion.

; 2 9
Grzadkowski et al. = cpp — %cm — 2 1 =g ([c,%]m1 —2[c, — 2[0@]22) ,
L Y
1008.4884 e ECHD N 3 ([CM] 2@ — 2] ) (2.35)
1 1 1221 Holil Hol22 -
: Edeple: 7;(16{,] — _W[C}H]L}—Hﬁj (CHD — iCHD + i[@g]lzzl - %[Cgé]ll — %[ng]gg) ,
Higgs couplings | s (3) N 2.36)
expressed by 297 (CHD = leachaz + 2[egyn + 2[%4]22) :
Warsaw Wilson coefficients 1 2 4 g2
5 5 (29L Iy cawp + cup — [Cu)1221 + 2[0@]11 + 2@%]22) ,
9r, — 9y gLy

1 gy (3) (3)

————— | 4%=cywn + cap — [cw)1o01 + 2[ciy]11 + 2[ci]oo |5 (
See 2(97 — g%) ( gz He He

LHCHXSWG-INT-2015-001

for full dictionary and other bases
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- =;[2(1 + bcy)my WIW, + (14 6c,)m% 2,2,

2 2
Feun LW, Wi, + G LW, Wi, + curigd, (W, W, + hic.)

F €gL

2
€

@ D=6 EFT with linearly realized +¢:0098 ZuOy Zuy + cx09L9Y ZuBy Apy
2 N 2 _
SU(3)xSU(2)xU(1) enforces +égg% G, Ge, + 577% Ay A+,
relations between Higgs
couplings to gauge bosons
(otherwise, more parameters)

€gL - -
E Zp,uAp.u + Cz2

@ These relations are independent
in which basis of D=6 operators

the nggs coupllngs are Cy =0C; + 4m’(  relative correction to W mass

- 2 4

calculated
= 2~ 4~
=Czz + 285Cz~y + SgCyry,
1
2 2 [g%CzD + g%czz - 6235077 — (9% - 9%)330z7] ;
91 — 9y
1
C~O =g2 o g2 [ZQ%CzD x (g% o g%’)czz — 626’7'7 o (g% - gi?/)cz’y
LHCHXSWG-INT-2015-001

D:
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e.g. Sqy, T

) o) A
HD — |HTDNH BGSILSPSJZH

contributes both

to Higgs couplings and
to W/Z mass difference
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..Higgs Basis - parameters

EFE Parameters along CEWPT unconstramed directions
’ agecting LHC Higgs observables at lcading order

e i i - T =

gauge bosons CPodd: ¢., Czy Cyy Cgg
| Higgs couplings tO CPeven: oy, o0yg OV
fermions CPodd: ¢, ¢4 ¢

. IggS couplings to CPeven: dis
_E tself

" e - e

e ey

e e ki

nggs COUP"”SS to CPeven: o0c; c.0 Czz Cyy Cyq

——

constrained bg Joelcs Higgs analyses
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i, o T T e gy ey e, sy ]

Assummg Minimal Flavor \/lolatlon and that Parameters
strongly constrained at LO bg EWPT can be lgnorecl
we have 10 CP-even and 6 CP-odd Parameters to be

!'
I

¢

i 4
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-thstraints on. EFT parameters

from LHC Higgs data




1.08 0.35

TVBE ] 4 1.495¢,, + 0.516c. — | 111 | cur — 0100 — | 035 | cao
over 1.23 0.40

—0.04c,. — 0.10¢,5 — 0.02c,

o)
99N~ 1 4 237y, 4 2.060y, — 0.065y,.
— 1+ 20c, — 2.25¢c,0 — 0.83¢c;, + 0.30c;, + 0.12¢,,.

SM —
Oggh

gluon fusion

Otth

Oth

; 6.39 1.49
o~ 1420, 4+ | 651 |cun+ | 149 | cu
TWh 6.96 1.50
9.26 4.35 0.81 0.43
— 14+ 2dc, + 9.43 o+ | 441 Jec..— | 084 ey — | 044 | cyy
10.08 4.63 0.93 0.48
; 5.30 1.79 0.80 0.22
2~ 1420, + | 540 Jen+ | 180 |e.+ | 082 |en+ | 022 | e,
TZn 5.72 1.82 0.87 0.22
7.61 3.31 0.58 0.27
— 142+ | 777 |eo+ | 335 |e.—| 060 |c, + | 028
8.24 3.47 0.65 0.30

Wednesday, September 7, 16 21



Wednesday, September 7, 16

Decays to 2 fermions

Ly

TT

FCC
~ 1+ 20y,, oM = 1 + 20y, M ~ 1+ 20y.,

[sM

cc bb o

Decays to 4 fermions

Lopon
Fgﬁ ~ 1+ 20c, + 0.46¢,0 — 0.15¢,4,
202y

— 14+ 20c, +0.67c,n + 0.05¢,, — 0.17¢c,, — 0.05¢,,.

1 gse v (041 (015 L (007 (002 L <001y
= 2 0.39 ) “H 0.14 ) = 0.05 ) 0.02 ) “F 003 )

0.35 0.19 0.09 0.01
— 14+ 20c, + ( 0.32 ) C. — ( 0.19 )czz + ( 0.08 ) Coy + ( 0.02 ) Cryry- (4.13)

Decays to 2 gauge bosons

FVV é'uv ?
FS—M = ‘1 + SM | CIORS {997777 Z’)/},
Vv Cov

SM 2

Cy, N2 =59 x 1077,

22




Signal strength

opp—X) T'(h—=Y) T'(h— all)gum
olpp — X)smu I'(h = Y)sm T'(h —all)

:uX;Y —

In EFT, assuming no other degrees of freedom,
so total width is just sum of partial width into SM particle
no invisible width in this analysis

@ One can express all measured signal strength in ferms of the 9 EFT parameters
(no meaningful constraints on Higgs self-coupling yet)

@ Using available LHC signal strength data one can obtain simultaneous constraints on
most of these parameters
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| B [ DCw | DCwnvi

- =076 = 0.69_\, [l

—00040089 Needs more data,

e diferenta

R e v
signal strength at different

energy

@ Not all parameters yet constrained enough that EFT approach is robustly valid
- one flat direction among higher derivative Higgs couplings to WW and ZZ

@ Results sensitive to including corrections to Higgs observables quadratic in EFT
parameters which are formally O(1/A"4). Thus, in general, results may be
sensitive to including dimension-8 operators
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i
[ Blme | DCuh | DCuhvh

- TN
7

@ Some tension in the fit because of excess in tth production and deficit in bb
decays.

o Effective gluon coupling tries to compensate to recover SM-like Higgs
production in gluon fusion.
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Run-1+2 fit

~0.011£0.076 | —0.011+0.074 | —0.010£0.077

—0.0037 £ 0.0010 | —0.0041 £ 0.0010 |,#0.0040 £ 0.0009

0.22 + 0.16 0.26 + 0.15 0.22 + 0.15

—0.38+0.21 —0.39£021 | NG047+

—0.114+0.13 —0.12 4+ 0.13 _0.11+£0.13

DC tth+Vh
—0.13 = 0.18
0.76 = 0.69
—0.38 = 0.44
—0.0040 = 0.0089

—0.001 £ 0.054

—0.0060 = 0.0029

0.62 £ 0.45
—0.55 £ 0.27
—0.32 = 0.28

Excess in tth production and deficit in bb decays only got stronger..

SM disfavored at 99.4% confidence level (2.8 sigma)
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Run-1+2 fit

0.22 4+ 0.15 0.62 + 0.45
—0.47+0.20 —0.55 + 0.27
—0.114+0.13 —0.32 + 0.28

@ In simultaneous 9-parameter fit errors much smaller than in Run-1 alone, because of
liffed degeneracies

@ Flat direction of Run-1 largely lifted, because of different dependence of VBF cross
section on different 2-derivative Higgs couplings
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Take away

@ Assuming MFV, and taking into account precision constraints on D=6 operators, allows
one to describe LO EFT deformations of single Higgs signal strength LHC
observables by just 9 parameters

@ There are non-ftrivial constraints on all of these 9 parameters from run-1 Higgs
data, though validity of EFT approach not robust yet in some corners of allowed
parameter space

@ Including Run-2 data has an important impact on Higgs EFT fif, because of lifted
degeneracies in the parameter space

@ Synergy of TGC and Higgs coupling measurements provides another handle fo
improve the fit
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Effective Lagrangian: Triple Gauge Couplings

SM predicts TGCs in terms of gauge couplings
as consequence of SM gauge symmetry and renormalizability:

+191.Co [591,3 (W:—VW; = WJVW:) Zy + 0K .24y W:W; + K. Zuv W:W;]

+imiz [A'YW:VWV—PAP# + XWW:VWV—PAP#] + iiﬁ# [AZWJ,,W;,,ZP,,, T XZWJ,,W;‘,Z,,“]
W W

These depend on previously intfroduced parameters
describing Higgs couplings fo electroweak gauge
bosons, and on 2 new parameters

1

—2) [cy1€%9% + oy (97 — 93)9% — Coz(92 + 92)9% — c.n(g? + 92)g7
Y

2

2 2
e J—
s (2 (%92— + oy 2L —9Y _ czz) ,

2+ g2 92 + 9%

2 2 .
— 2L (g s 4 Gy L G
( T2 +g2 gty g2
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