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Origin of the Higgs Particle
in the Standard Model

® Gauge symmetry implies massless gauge bosons

mi, W w— Not Gauge invariant

@® |Introduce scalar field

D,O'D,d = Waewer oo 1+ Gauge invariant

® Spontaneous symmetry breaking
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Origin of the Higgs Particle
in the Standard Model
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Origin of the Higgs Particle
in the Standard Model
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Origin of the Higgs Particle
in the Standard Model
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Higgs in SM

D 4 New degrees of freedom: 4=3+ |

1 Higgs scalar



Unitary problem
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Dominant contribution from 7,4



Unitary problem
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Fermion masses

SM is a chiral theory

4%

my LZLCZR + h.c.

Not Gauge invariant



Fermion masses

® Yukawa coupling with scalar field

ys QrPdr + h.c. Gauge invariant
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Higgs and fermion masses
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H couples to mass

@ Without symmetry breaking
WV, Z massless and massless fermions

@ With symmetry breaking
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H couples to photons and gluons

% coupling through loops
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Higgs Particle at LHC

19.7 o (8 TeV) + 5.1 fb' (7 TeV)
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Higgs couples to masses (tree-level)

to photon-photon and gluon-gluon (loop-level)

Consistent with SM Higgs

CMS Preliminary 19.7 6" (8 TeV) + 5.1 o' (7 TeV)

O, Observed ¢ SM Higgs

H-WwW




Higgs Particle in PDG

Mass m = 125.7 + 0.4 GeV

HO Signal Strengths in Different Channels

Combined Final States = 1.17 + 0.17 (S = 1.2)
Ww* = 0.871527

Z7* =111193% (S =13)

— +0.27
VY = 1.587 753
bb=11+05

T~ =0.4+ 0.6
Zv < 9.5, CL =95%



Search for SUSY and other BSM Signatures

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model 6Ty Jets ET™ [caqm™) Mass limit Reference
— 7 T T T — T T —T—
MSUGRA/CMSSM 0 26jets  Yes 203 |&Z 1.7TeV.  m(@=m(z) 1405.7875
MSUGRA/CMSSM Tep 3-6jets  Yes 203 |[& 1.2 TeV any m(q) ATLAS-CONF-2013-062
w MSUGRA/CMSSM [} 7-10jets  Yes 20.3 z 1.1 TeV any m(g) 1308.1841
2 4 qﬂq)?‘!)‘ 0 26jets Yes 203 |d 850 GeV m(,?‘.’)zo GeV, m(1* gen. g)=m(2™ gen. q) 1405.7875
o &4 q)/ ! 0 26jets  Yes 203 |& 1.33 TeV m()( )=0 GeV 1405.7875
g 3—qq¥i —qqW* Xl Tepn 3-6 j:ets Yes 20.3 z 1.18 TeV m()(. )<200 GeV, m(t*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
[} 28, gﬂqg([(/(‘,/wm 2epu 0-3 jets - 20.3 I3 1.12TeV m(¥})=0GeV ATLAS-CONF-2013-089
Q  GMSB ({ NLSP) 2ep 24jets  Yes 47 tang<15 1208.4688
' GMSB (7 NLSP) 1274010 O2jets  Yes 203 1.6TeV  tang>20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 1.28 TeV m{F})>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tep+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2eu(Z) O03jets  Yes 58 m(NLSP)>200GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-et  Yes 105 m(G)>107* eV ATLAS-CONF-2012-147
= E g—»bb/\/, 0 3b Yes 201 & 1.25 Tev m(¥?)<400 GeV 1407.0600
‘!.’, g g_,,p( [ 7-10jets  Yes 20.3 z 1.1TeV m(¥}) <350 GeV 1308.1841
T e 2K 0-1epu 3b Yes 20.1 z 1.34 TeV m(¥})<400 GeV 1407.0600
- gﬂm){, 0-1e,u 3b Yes 201 |% 1.3 TeV m(¥1)<300 GeV 1407.0600
bby, by —»b)(? 0 2b Yes 201 B 100-620 GeV m(E)<90 GeV 1308.2631
es biby, b —>t¥7 2¢,u(SS)  03b  Yes 203 |B 275-440 GeV mp?f):z meE) 1404.2500
.9 77 (light), i —b¥] 1-2ep 126 Yes 47 & 1 m(})=55GeV 1208.4305, 1209.2102
S ‘3’ 171 (light), I\‘?"Vb)(\ 2epu 0-2jets  Yes 20.3 B 130-210 GeV mE}) =m(f,)-m(W)-50 GeV, m(7)<<m(¥}) 1403.4853
H'g 717, (medium), 7, — 2epu 2jets  Yes 203 |@ 215-530 GeV m(¥)=1GeV 1403.4853
e g fifi(medium), 7 azﬂ;)(f 0 2h Yes 201 | & 150-580 GeV' m(¥})<200 GeV, m(¥;)-m(¥})=5 GeV 1308.2631
© + 717 (heavy), f —2¥ Tep 1h Yes 20 |# 210-640 GeV m(¥})=0 GeV 1407.0583
.:’ @ fn (heavy), fi—tt] 0 2b Yes  20.1 2 260-640 GeV m(F))=0 GeV 1406.1122
e ffh, Hr)'(" 0 mono-jet/c-tag Yes 20.3 7 90-240 GeV m(i)-m(¥})<85GeV 1407.0608
i1 (natural GMSB) 2e,pu(2) 1b Yes 20.3 i 150-580 GeV m()?l’)>150 GeV 14035222
b, hoh +Z Bepu(2) 1b Yes 20.3 b 290-600 GeV m(¥})<200 GeV 1403.5222
2, lir, (ﬂov, 2e.pu 0 Yes 203 |7 90-325 GeV mQ(l) =0 GeV 1403.5294
)(, et —»[v(fv) 2ep 0 Yes 203 | 140-465 GeV 0GeV, m(Z, 7)=0.5(m(¥5)+m(¥?)) 1403.5294
> § )(, XX —#v() 27 - Yes 203 ):(f 100-350 GeV m(x.) -0 GV, m(:. (m(X.ﬁ)+m(Xz)) 1407.0350
5 XIXS—*[LV[L[(VV) BTG 3eu 0 Yes 203 {i,{ 700 GeV merT)=m(F3), m()m  5(m()smift)) 1402.7029
)%)(&—wv AL)( 23ep 0 Yes 20.3 e 420 GeV m(¥)=m( =0, sleptons decoupled 1403.5294, 1402.7029
X A)(gawx 1hX| Tep 2b Yes 20.3 L 285 GeV m(¥i)=m( sleptons decoupled | ATLAS-CONF-2013-093
T8, 055 =Tl dep 0 Yes 203 | 620 GeV ), m(t 5(m(F3)+m(F1) 1405.5086
B @' Direct Vi, prod., long-lived Xi Disapp.trk  1jet Yes 203 | & 270 GeV m(t7)-m(E7)=160 MeV, ATLAS-CONF-2013-069
= % Stable, stopped g R hadron 0 15jets Yes 279 |& 832 GeV m(¥})=100 GeV, 10 us<r()<1000 s 1310.6584
SE GMSB, stable 7, )(‘ —%@, }l)-&»T(l’,;l) 12 - - 15.9 10<tanf<50 ATLAS-CONF-2013-058
1S 8 GMSB, X-yG, long-lived ¥{ 2y - Yes 47 0.4<r(¥)<2ns 1304.6310
- qq,)(?—»qq)l (RPV) 1, displ. vix - - 203 |4 1.0 Tev 1.5 <cr<156 mm, BR(u)=1, m(¥])=108 GeV | ATLAS-CONF-2013-092
LFV pp—v: + X,V —e +pu 2e,pu - - 4.6 12121272
LFV pp—v. + X, Ve—e() + T Tepu+t - - 4.6 12121272
> Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 20.3 7.2 1.35TeV 1404.2500
& et ,X| Wiy X{WV Lepve dep N Yes 203 | 750 GeV 1405.5086
X1X| X WL X -t etvr Bep+t - Yes 203 7 450 GeV ) 1405.5086
2999 0 6-7 jets - 20.3 z 916 GeV (1):BR(b):BR(:): ATLAS-CONF-2013-091
&, i —bs 2e,u(SS)  03b Yes 203 |& 850 GeV 1404.250
" Scalar gluon pair, sgluon—gqg 0 4 jets - 4.6 | sgluon  100-287 GeV incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—i- 2e,u(SS) 2b Yes 14.3 sgluon | 350-800 GeV ATLAS-CONF-2013-051
6 WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(x)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
A N s L PR | N N PR
Vs =8TeV 10! 1
full data Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

Still believe in BSM physics
at high energies

LQ1(ej) x2
LQ1(e)}+LQ1(vi)
LQ2(uj) x2
LQ2(uj)+LQ2(vj)
LQ3(vb) x2
LQ3(tb) x2
LQ3(tt) x2
LQ3(vt) x2

RS1(yy), k=0.1
RS1(ee,uu), k=0.1
RS1(jj), k=0.1
RS1(WW—»4j), k=0.1

CMS Preﬁminbry

SSM Z'(t7)
SSM Z'(j)

SSM Z'(bb)

SSM Z'(ee)+Z'(up)
SSM W'(jj)

SSM W(lv)

SSM W' (WZ— Ivl)
SSM W'(WZ—4j)

coloron(jj) x2
coloron(4j) x2
gluino(3j) x2
gluino(jjb) x2

stopped gluino (cloud)

stopped stop (cloud)

HSCP gluino (cloud)

HSCP stop (cloud)

q=2/3e HSCP

q=3e HSCP

neutralino, ctau=25cm, ECAL time

Leptoquarks

j+MET, SI DM=100 GeV, A
j+MET, SD DM=100 GeV, A
V+MET, S| DM=100 GeV, A

y+MET, SD DM=100 GeV, A
+MET, €=+1, S| DM=100 GeV, A

1+MET, €=+1, SD DM=100 GeV, A
3 4 1+MET, €&=-1, S| DM=100 GeV, A
1+MET, €&=-1, SD DM=100 GeV, A
—
ADD (yy), nED=4, MS
: ADD (ee, pp), NED=4, MS
| ADD (j+MET), nED=4, MD
I ADD (y+MET), nED=4, MD
) QBH, nED=4, MD=4 TeV
- T NR BH, nED=4, MD=4 TeV/
Jet Extinction Scale
—— String Scale (jj)

Excited
Fermions dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dimuons, A- LLIM
single e, AHNCM
single p, A HnCM
inclusive jets, A+
inclusive jets, A-

Multijet
Resonances

Summa
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BSM Signatures

% Still believe BSM is there, at high energies
Expect effects on Higgs couplings

% Analysis

- in specific BSM models

- using effective Lagrangians

Model independent,
but have their own assumptions



Effective Lagrangian Approach

% Integrate heavy BSM dof
obtain d=6 operators formed with SM fields

1
Cﬁ06$

/ —~ d=6 operator
Wilson \ B T
coefficient

- High-enery scale
(suppresses effects)




quasi-SM Higgs

i.e. SM field with (slightly) modified couplings

L=Ly+ L+ ...

\ \

SM neglect




This talk

Concentrate on the issues

@ different basis can be used

@ correlations among physical predictions
/ related
@ connection with experiments

Based on work EM 1406.6376

see also

Gupta Pomarol Riva 1405.0181

Elias-Miro Espinosa EM Pomarol 1308.1879
Elias-Miro Grojean Gupta 1312.2928
..others ...



Operator Basis
How many independent d=6 operators in Lg ??

(after using EOM, partial int., identities to eliminate redundancies)

59 (one family)

Buchmuller & Wyler 86
Grzadkowski, Iskrzynski, Misiak, Rosiek 10

59 ways to modify the SM !
(many more for 3 families)




Operator Basis

Grzadkowski, Iskrzynski, Misiak, Rosiek |10

X3 S06 and S041)2 w2gp3
Qc | fAPOGGHGSH | Q, (Tp)? Qey (#T) (lperp)

& | JABCGHGEGSH | Qun | (plo)Olele) Que ('0) (Gpur?)
Qw | KWIWIrW | Qup | (9T D) (9T D) | Qug (') (Gpddrep)
Qi stKWJqulef{M

X202 WX o 202D

Qo | ¢l0CGAC™ | Quv | Gome)r' oW, | QY | (4D, o))
Q. plo Gil, GA Qe | (o™ e )pBuy QY (soTiBj @)Ly
Qow | eleWLW | Que | @0 T u)FCh | Que | (oliDu)Enre,)
Qv | CeWLW™ | Quw | (@o™u)r'W., | QW | (D, o) @n"e)
QuB w'o B, B" Qus | (@0"u)FBu | Q%) | (D! )@ v"a,)
Q.5 olo B, B Que | @0" T d)0 Gl | Qo | (911D o) (@ u,)
Quws | e WLB™ | Quw | (Go"d)r oW, | Qua | (#iD, ) (dtd,)
Quvp | T WLBY || Qus | (30" d)¢Bu | Quua | (D) (T, d,)

(LL)(LL) (RR)(RR) (LL)(RR)
Qu Grd) T l) || Qee | @Een)@rter) | Qe | (e (Ener)
W @)@ ) | Qu | @) @atu) | Q| Gyl ()
9 @)@ ) | Qua | (dod)(dtde) || Q| (Gde) (deytdy)
Q5 (Ll ) (@7 1) Qeu (&pyper) (Usy us) Qe (@) (B er)
QY | G )@ ' a) | Qe | (Eues)(doy dy) W @) (@)
QL (Tpyur) (dsy*dy) & 1 (@ TAq) (@ T uy)
Q%) | (T hu ) (dey TAdy) | Q% | (@vuar) (dirydy)
Q% | (@T"a)(dy"Tdy)
(LR)(RL) and (LR)(LR) B-violating
Qledq (Ber)(doal) Qdug e ey [(d) T Cul] [(q7)T Cly]
Q) (@ur)eji(qhdy) Qqqu e*Pe e [(99)TCql*) [(u2)T Cey)
Qi | (@T w20 (@TAdy) || Qb P juemn (4297 Ca*] [(™)TCI]
Qg | Bezin(@u) | Qiil P (71e) (7€ mm [(627)TC ] [(q7™)TCIY]
Qlova | Gower)eju(@o™ u) | Quu ea81 [(do)TCuf] [(u7)TCe,]

Table 2: Dimension-six operators other than the four-fermion ones.

Table 3: Four-fermion operators.




Giudice Grojean Pomarol Rattazzi 07

Operator Basis

Oy = 3(0"|H[*)?
PEN 2
Op=1 (HfD,,H)

O = A|H|®

Ow =4 (H'a"ﬁ"H) D*We,

b - - - - -

Os; =

Op=14 H'D“H) &"B,,
02W = Q(D" )2
Oy = ——(6“3,“,)2
Oy = —3(D*G4,)?
Opp = §2|H]?B,, B"
Oce = gf|H|2Gﬁ,GA“"
Opw = ig(D*H)'a*(D*H)W,

Oup = ig(D*H) (D*H)B,,

________________

Oy = %gemW:”W:pW"P"

o = yuIHI QLHUR

O‘,‘f = (tH'D H)(Gpy"ug)

- (‘H'D“H)(QL'I"QL)
o‘,}" = (iH'0°D,H)(Q.v"o°QL)

_________________________

Of p = (Qur*Qr)(Eay"ux)
O = (Quy*TAQu) (Gry*T*ug)
Ofir = (@py*ug) (@ ur)

= (Qur"QL)(Q:7"QL)
oiul),q = (Quy'T*QL) QY TQL)

otl, = (Qu'QL)(Ley'Ly)
O = (Quy*o*QL)(Liy*o°Ly)
Of = (Qur"QL) (Err“er)
Olg = (Lyy* Ly ) (py*ug)
Ol = (Gry*ur)(dry*dr)
Onn” = (Gry*Tur)(dry"TdR)
Ol = (Gxy*ur)(Exy'er)

On - w|”|’QLHdu

_OZR = (Quy"QL)(dmy"dr)
O = (Quy*TAQL)(dry*TAdp)
= (dpy*dp)(dry"dg)

Olfq = (Liy* L) (dry'dg)

Ot = (dry*dr)(Exyer)

O,. = y|H|*L Heg

o ‘_' (’.i{fo'z}j(;,},;;,;)' N
= (IH'D H)(Lyy'Ly)
o“" (iH'o*D,H)(Liy"o°Ly)

Ot = (Liy'LL)(Ery'er)

= (Exy“er)(Exrver)
O'“, = (I/L'Y"LL)(LL‘T“LL)

-~ o
Oj = ylya(iH' D, H)(gr*dg)

ov. e — mw(QZun)én(Qldu)

O4ys = Yua( QLT ug)e,o(QLT*dp)

OVuv- = ynyc(oiuﬂ)‘"(LieR)
0;... = ynyr(Q;.aeR)‘rl(i‘;.u%)
Oyye = Vevi(Lier)(drQL)

1 AvrB C
319sfaBcG, "G, G ™

Other basis:

O}p = ¥Quo"™ug H 9B,
o:)”r = y,QLW“R 6"ng:‘,
Ohc = wQro™ T ug Hg, G2,

Oy = ysQro*dr Hy B,
02'," — QLO’WdR 0‘”9“’“
Oh¢ = yQuo* Tdg Hg,G2,

O%s = YeLro* ez Hy'B,,
Ohw = yeLro* ey o HgW},

Hagiwara Ishihara Szalapski Zeppenfeld 93

Corbett Eboli Gonzalez-Fraile Gonzalez-Garcia




Rosetta Stone
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Allowed the understanding of Egiptian hieroglyphs



Rosetta Stone

X3 @ and ¢'D? Y2p®
Qo | rrearaas | Q, (o) Qo | O)berp)
e | EOGRGERGY | Qe | (Fe0Y) | Que | (#T9)Gud)
Qu | KWEWIWE | Quo | (D7) (¢'Dug) | Que | (10N @pde)

o | iy

X3 VX W
Qe oG G | Quv | (home)r'oWh, | QY | (o
Qua | #0GLE™ | Q| Goe)eBu | Q1 | (Do)

Qar WL | Qu | @ Tu)3G, | Qu | (

v | e Que | (@oru) ' EW, | @ | (@iBe)a@nta)
Qi | BB | Qus | @ u)FBu || Q) | (iDL o) @ a)
Qi | ¢9BuB” | Qi | Go T 0G| Qe | (2D, o) @00,
Quvs | oreWLBw | Qav | @od )Wl | Qu | (¢1iB, o) dd)

Quvs | e WLB™ | Qs | (@0"d)e By | Qua | (@' Dup)p"dy)

Table 2: Dimension-six operators other than the four-fermion ones.

d=6 operators

Looking for a
clear relation

Experimental measurements

| — ——
SM
i T gi/gi CMS Preliminary 19.7 " (8 Tev) + 5.1 fo” (7 TeV)
L Observed ¢ SM Higgs
T T R T 2
ATLAS Preliminary CiH— 4l saH Sy
Ve=7ToV JLat=4648m" H — vy E8Combined
Vs=8TeV JLdt= SM x Best Fit 4
=
Al
2 15



Coupling basis

Approaching the
Rosetta Stone

® Connection with experiment

@® Correlations are clear



Correlations

Correlations among observables are expected

@ gauge invariance restricts operator form
® not all possible operators are independent

Simple example:

2 +u — 1 L 2h h2
In SM: L4 my, | W Wu+ﬁZZu 14_74_?

In BSM: £a+ Le 29

I — e —

Relations preserved ?



Connection with Experiment
Coupling Basis

Ca

L¢ = Az O, couplings {a}

Ca

15 0 = o (75@ + 5Da)

\

V3 ZFF hyy ... independent {a}
{a} define “directions” in operator space

@ Start with monomial operators
® Combine them to get Coupling basis



Splitting

Cansplit 59=17+ 42\
! Can be further split

@ Mix among themselves

@ Relevant for Higgs physics
(CP-even sector)

In this talk | will discuss these |7 operators



Higgs-only Sector
W operators have form: D70, — (v+ h)* Oy

It can only be tested in Higgs physics: 0204 = Ogyy

Example:

1 P- 1 2
g—QGiV | C’AQ‘GIQLV — (gZ Icv )G2

vacuum



8 operators/couplings in Higgs-only Sector

3 hff f — t) b7 T Oyu — yu’q)‘QQL&)uR ) Oyd — yd‘qDFQL(I)dRa
O, = ye| O L der

hgg Oca = g2|®* G/ G
hoyy
Opp = ¢*|OPB,B"  Oww = g°| "W, W
hyZ
h3 06 — )\‘@‘6

1
MVV)e=hWW + =5 27Z) O, =|9]’|D, 2] O,

w




h(VV)e = h(WW 4

Dh(VV)C — U(hP:;)

Higgs-only Sector

727)
5
2¢y

1
W+“W + —Z"Z,

2c2

O, = ‘(I)|2‘DM(I)|2 06

2

4 (h2Q1)ff+ (h4Q2)
W
2h  4h? h3
Py o= 1+ v +302+31}3’
h
Q1 = 1+%,
2
Q, = 140,



h(VV)e = h(WW A

Higgs-only Sector

1
2
QCW

27)

Dh(VV)C — v(hP;;)

| 1
W*“W + —Z'Z,

2c2

O, = ‘CI)|2‘DM(I)|2 06

2

4 (h2Q1)ff+ (h4Q2)
W
2h  4h? h3
Py o= 1+ v +3v2+31}3’
h
Q1 = 1"'%,
2
Q, = 140,



8 Higgs-only Couplings



Higgs-EWPT

/ operators/couplings

Z frf 7 fr.f 4 JL,R
RJR LJL ’
t,b, T t,b,T,v

Example:




Higgs-EWPT

Z frf 7 frf g\» JL.R
RJR LJL ’
t,b, T t,b, T,V

(Remember discussion on S-parameter)

Example:

2h . h? _
Dyzer = (1 | | v2> [Zu eryer, — ﬁ W+ vryter, + h.c.

— (Y




Higgs-TGC Operators

2 operators/couplings

W On — Oy — %(@TE“CD)&”BW _ %(@Taaﬁﬂ@)z}”wg‘;
1
gZ Or — |(I)‘2‘Duq)|2
Z Op = \|®[f
oW
%% Oup = ig(D"®)(D"®)B,,
/“/\'/y Oww = 92‘¢‘2WZVWGW

0A

%74 Opp = ¢”°|®°B,, B*



Summary

H=uv-+h

Higgs field Physical Higgs boson

W Measuring h-physics one probes v

Higg-only (8)
iggs - Z pole
Higgs - TGC

Only in the 8 only-Higgs
sth new is measured



Directions

Ca

A2 Osm’t — Ta (ﬁa T 5Da)
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¥ | will show correlations schematicaly

Exact expressions given
in EM 1406.6376
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Example of Correlations
contact term hVuffy”f h—=VFf



Example of Correlations

contact term hVuffy”f h—=VFf
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CONCLUSIONS

@ Effective Lagrangian approach is a

model independent tool to analyse
BSM physics

Assumptions: all new physics integrated
at high energies, d=6 dominance, etc

@ Coupling basis to clearly see presence
(or absence) of correlations
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More Example of
Correlations

non custodial VuV*

form factor V/,LVV'LL g



Example of NO Correlations
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Example Correlations
(not involving Higgs)

Y from cubic to quartic
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