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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”

(for comparison, Shakespeare's 43 works
contain only 884,429 words in total)
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furthermore many of the
background events furiously look
like signal 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”

(for comparison, Shakespeare's 43 works
contain only 884,429 words in total)

furthermore many of the
background events furiously look
like signal events

... like finding the paper you

are looking for in (108 copies of)
John Ellis’ office

Christophe Grojean C/za//erges / Questions in >f/{<195 PASSICS 3 Wien, 3¢ Oct. 2013
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Why was the LHC built?

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R

SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

=> UV behavior of these Goldstone's? <
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Why was the LHC built?

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R

SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

=> UV behavior of these Goldstone's? <

. 2 Y — 6iaa7ra/’u
Lonee = mig WIWH™ 4 §mQZZMZ“ =T (D,X'D,%) Goldstone of
SU(2).xSU(2)=/SU(2)v

C/}/‘/‘Sz‘op/]e Gr?/'ean C/?Q/ / el?qe\s / qae\ff/‘oh\f ‘N Y//qc;\f P/?}/\S/CS 5 /«)/en, 35 Oc?. 2013



Why was the LHC built?

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R

SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

= UV behavior of these Goldstone's? <
Y — 6iaa7ra/’u

1 Vv?
Lonee = mig WIWH™ 4 §mQZZMZ“ =T (D,X'D,%) Goldstone of
SU(2)LxSU(2)r/SU(2)v
gr— a ................... o a ............ a aa ..........................
Lo = 5 (O )? — 62 ((m0um®)? — (m*)* (8, 7)) +
contact interaction growing with energy
ﬂ_a 7_‘_(3
, A (m7" — mr?) = A(s, t,u)6"6 + A(t, s,u)6*°6"" + A(u,t,s)5%*5"
'/,(\\‘ S
b N 7Td A(S, t, u) — ) Weinberg's LET
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1 Vv?
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contact interaction growing with energy
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'/,(\\‘ S
b N 7Td A(S, t, u) — ) Weinberg's LET

the behavior of this amplitude is not consistent above 47v (*1+3TeV)

Lee, Quigg & Thacker 77
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)v

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

h
Leowss = ZTT (DMZTDMZ) (1 +2a— 4+ b ) — )\wLE”gDR <1 + C;)

\ l \

,'b" and 'c’ are arbitrary free couplings

W W growth cancelled for
s A . i g — CL282 a=1
h 2 s —ms restoration of

perturbative unitarity

W* W+
Cornwall, Levin, Tiktopoulos 73 Contino, Grojean, Moretti, Piccinini, Rattazzi 10
. a a
N = elo /v Goldstone of SU(2).xSU(2)r/SU(2)v D, X ~W,

C/}/‘/SZ‘O/D/M Gr?/'ean C/}Q/ / el?qe\s / qae\ff/‘oh\f 7 Y//qc;\f P/?}/S/QS b /«)/‘en, 3¢ Oc?. 2013


http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268

What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)v

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

h h? h
Leowss = ZTT (DMZTDMZ) (1 +2a— 4+ b ) — )\wLE”gDR <1 + C;)

\ l \

,'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cornwall, Levin, Tiktopoulos 73 Contino, Grojean, Moretti, Piccinini, Rattazzi 10
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b a
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)v

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

v ; h? h
Leowss = ZTI (DMZ DMZ) 1+ ZCLU | va — AlDLZ@DR 1+ c—

\ l \

,'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — ¢ ¢

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)v

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

h h? h
Leowss = ZTI” (DMZTD,UJZ) (1 +2a— 4+ b ) — )\wLZ”gDR <1 + C;)

'a’, 'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — ¢ ¢

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

L} 'C’EWSB can be rewritten as DMHTDMH 4}
1 . aa 0
H = _—¢0'™ /v
\ﬁe ( v+ h )

h and 7 (ie WL andZ_.) combine to form a linear representation of SU(2).xU(1)y

C/}/‘/‘Sz‘op/]e Gr?/'ean C/}d/ / el?qe\s / qae\ff/‘oh\f 7 Y//qc;\f P/?}/\S/CS A /«)/en, 3¢ Oc?. 2013



Now what?

" The experiment coorked betler Zhan
eXPeCZ‘eo/ arnd Zhe ana/r yS 1S UnCovered a
very difficult o £ind 5/:9/7&/ "

Chris fophe Gr?/'ean

the words of a string theorist
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Now what?

’ 777@ eXpe/‘/‘MenZ‘ wohéea/ AeZ(Z‘e/‘ f/?dh ‘\,,,‘\ >~
expected and Che anal VSIS wuncovered a 5
very difficult o £ind 5/:9/7&/ ) N t‘)‘/‘ | i
the words of a string theorist

Why did it work better than expected?

Tevatron Run II Preliminary, <L>=591b" . .
—-— — O Hard work from experimentalists

E | |
& /LEP EXCl“S"’n | %ﬁgf&gﬁ:}l © Luck with a positive fluctuation
£ 10 :gﬁm:j © Hard work from the theorists too
E ,ﬁ:ﬁﬁ:ﬁﬁ:ﬁﬁ:ﬁﬁ:ﬁﬁﬁﬁ:;j&ﬁgbé&édﬁﬁﬁ:;ﬁﬁﬁ:ﬁﬁﬁ:ﬁﬁ:jﬁﬁﬁﬁ:ﬁﬁ:ﬁfj:ﬁ,,jﬁﬁ:ﬁﬁﬁ;:ffﬁf:f;:f:ff:
B oo S rrrrr +20Expected —————— A I o .
o | — higher precision in theory
& calculation makes it easier to find
0 the Higgs than initially thought
1|
/N AL . il . K-factor # 1.25
B """"—"Tf"atm“‘Exc'“flﬁ"f'"""";”i'"‘”"'”‘”""i‘""”"”‘”"”‘i”;”””'”]‘uly'19”2q10 """" ] NN
100 110 120 130 140150 16017018 0070 ) ~ K-factor %2

H(GeV/ )~ R. Harlander, talk @ LHCP’13
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What's next?

" T he experiment coorked betler 2han .\JA 2=
eXpecz‘ea/ and the anal vS 1S UnCovered q .

very difficul/t 2o #ind 5/‘3/74/ ) N "; | e

the words of a string theorist |

Great success...
..but the experimentalists haven't found what the BSM theorists
told them they will find in addition to the Higgs boson:
no susy, no BH, no extra dimensions, nothing ...

C/}/‘/Sfop/he Gr?/'ean Chall el?qe\s / qae\ff/‘oh\f ) Y//qq\f P/?}/S/QS 9 Wien, 3°¢ Oct. 2013



What's next?

“ T he exper/‘menf wohéea/ better Zhan o \,,”“\ U i
expectled and Che analysis wuncovered a T AT
very difficult o Find signal” b . S s

the words of a string theorist | g

Great success...
..but the experimentalists haven't found what the BSM theorists
told them they will find in addition to the Higgs boson:
no susy, nho BH, no extra dimensions, nothing ...

Have the theorists been lying for so many years?

Have the exp’'s been too naive to believe the th's?

== HEP future: ——=—
exploration/discovery era or consolidation/measurement era?

Christophe Gr?/'ean C/m//erfqe\s / Fuestions in %qg\s /9/75/5/@5 9 Wien, 3°° Oct. 2013
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SM Higgs computations: State of the art
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The ggH Frontiers -
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Signal/Background Interference

Naively small since the width is small (ri=4mev, ro/mu =3x10°) for a light Higgs
but  S: gg>h>7yvy = 2-loop versus B: gg>7yvy = 1-loop

g - gl Dicus, Willenbrock '88
‘b _ Wt Ab.c,...
’ b7 C, T D].XOI]., Slu ,05
g gl

could have expected x10% corrections in the rate

but malicious/accidental cancelation » 2-3% effect

Christophe Gr?/'ean C/}Q//gﬁggé / Fuestions in >‘//c1c}5 physz‘cs I3 Wien, 3°° Oct. 2013
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Signal/Background Interference

Naively small since the width is small (ri=4mev, ro/mu =3x10°) for a light Higgs
but  S: gg>h>7yvy = 2-loop versus B: gg>7yvy = 1-loop

g - gl Dicus, Willenbrock '88
‘b _ Wt Ab.c,...
’ b7 C, T D].XOI]., Slu ,05
g gl

could have expected x10% corrections in the rate

but malicious/accidental cancelation » 2-3% effect

Residual effect: downward shift of M., mass peak S ——

AN\W =-120 MeV @ LO s.Martin’12 AM,, has a ,;;?,ff/:::i:‘:f;:::“” ”””””””””””
strong dependence /4
AM,,=-70 MeV @ NLO /

/ MeV

AMy

DiXOn, Li’l3 on nggs pT 805/”:'//"::" B H+g/@0@(as2 2)/O(aas)
(large K-factor of signal) YyVY B e e |
can be measured in yy channel alone!l =5 ‘Dl‘X‘O‘n‘ L 15‘0
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Signal/Background Interference

Naively small since the width is small (ri=4mev, ro/mu =3x10°) for a light Higgs
but  S: gg>h>7yvy = 2-loop versus B: gg>7yvy = 1-loop

g - gl Dicus, Willenbrock '88
‘b _ Wt Ab.c,...
’ b7 C, T D].XOI]., Slu ,05
g gl

could have expected x10% corrections in the rate

but malicious/accidental cancelation » 2-3% effect

— - Residual effect: downward shift of M,, mass peak

AM,,=-120 MeV @ LO 8. Martin’12 AM,, has a _ZZ o
AM... ==70 MeV @ NLO strong dependence /4 5
YT

/ MeV

My

Dixon, Li’13 on Higgs pT 3 _méé;,:-

(large K-factor of signal) YvyV Braeoemts |
: z DlXOIl L1 15
can be measured in yy channel alone! -»i—————=—5—>25—= o

1 GeV

Access to the Higgs width @ LHC?

often said, it is impossible to measure the Higgs width at the LHC. Not quu’re true.
it can be done either via the measure the mass shift or via the rate

Zero Width Approx. Narrow Width Approx.
ratios of k only K2R Kok K2
2.2 . . _ 9 I g'vy'"VvH
= %957 no direct access to the width itself different width dependence = K4, i K%
K7 (upper bound if xy< 1 is assumed) 4 can be fitted w/o0 assumption I 6%
e.g. Dobrescu, Lykken 12 i _ ' R
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Now what? What's next?
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Now what? What's next?

" With 3/‘8@2‘ poroer Comes 3/‘842‘ respons Y/ /Z‘y "

Voltaire & Spider-Man
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Now what? What's next?

“ Wiith 3/‘8@2‘ poroer Comes 5/‘842‘ respons Y/ /Z‘y "

i i : . Voltaire & Spider-M
which, in particle physics, really means alre ce oplder-ilan

“ WItHh 3/~eaz‘ diScCoveries core 3/‘3@% measurerents

BSMers desperately looking for anomalies
(true credit: F. Maltoni)

The Higgs has access to EW coupled New Physics
which is less constrained by direct searches than strongly coupled NP

Christophe Grojean Challenges )/ Juestions in >1// qqs pA/SICS 14 Wien, 315 Oct. 2013



Now what? What's next?

" With 3rea2‘ power Comes 9/‘@@2‘ respons /A///iy )

' i - : Voltaire & Spider-Man
which, in particle physics, really means ' Pl

“ WItHh 3/~eaz‘ diScCoveries core 3reaZ‘ measurerents

BSMers desperately looking for anomalies
(true credit: F. Maltoni)

The Higgs has access to EW coupled New Physics
which is less constrained by direct searches than strongly coupled NP

/
Higgs properties

J'PC

Important & nice to see progresses but

=
BSM implications

“this question carries a similar potential
for surprise as a football game between
Brazil and Tonga" Resonaances

Christophe Grojean C/m//erge\s / Questions in %qgé PASSICS 14 Wien, 3¢ Oct. 2013
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The relevant (and difficult) CP question about the Higgs
A O Higgs can have CP violating couplings

marginal operators (dim-4) > phase of Vckm matrix
already bounded by flavor physics
» edm's

\. ‘,?"‘ irrelevant operators (dim-6) only ~ » Higgs signal strengths
/ » Higgs kinematical distribution
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The relevant (and difficult) CP question about the Higgs
A O Higgs can have CP violating couplings

marginal operators (dim-4) > phase of Vckm matrix
already bounded by flavor physics
» edm's

| ) irrelevant operators (dim-6) only ~ » Higgs signal strengths
/ » Higgs kinematical distribution

Among the 59 irrelevant directions, 3 of them induce %Higgs couplings in the EW bosonic sector

~ . ~ . ,U, —‘- v =~
H'HB,, B" (D"H)'o"(D"H)W,, (D*H)'(D"H)B,,
v operator: Z operator(s): Higgs rates?
already severely constrained studied in the kinematical distributions | poor cons’rr'ain’rs.
by e and q EDMs for h = ZZ = 4 since no interference with SM
McKeen, Pospelov, Ritz '12 effects ¥ dim-8 CP-even operators

see the fqa3 CMS study YyV

need to look for CP-odd observables
that are linear in the Qfs Wilson coeffs.
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CP-odd observables

= The Qﬁ operators with W and Z are best studied in the VH channels .

where the Higgs can be boosted (the derivatives in the operators don't hurt)
Godbole et al ’13

the asymmetry in the variable
l-(hxXq)

is linear in GP coefficient Delaunay et al '13

- _ " » should allow one to constrain the third CP direction
/ » no estimate of the sensitivity yet <«

Elias-Miro et al’1l3
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CP-odd observables

= The Qﬁ operators with W and Z are best studied in the VH channels .

where the Higgs can be boosted (the derivatives in the operators don't hurt)
Godbole et al ’13

the asymmetry in the variable
l-(hxXq)

is linear in GP coefficient Delaunay et al '13

» should allow one to constrain the third CP direction
» no estimate of the sensitivity yet <«

B e

~ Another CP-odd observable can be constructed in h>vyy channel .

challenging

S

the ¢ operator impacts the correlation
between the photon polarizations that

(need to reconstruct the
separation angles between the e)

can be tracked back to the correlation . :
but interesting

between the converted e

e.g. talk by J. Zupan at KITP 13

Elias-Miro et al’1l3
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CP-odd observables

= The Qﬁ operators with W and Z are best studied in the VH channels .

where the Higgs can be boosted (the derivatives in the operators don't hurt)
Godbole et al ’13

the asymmetry in the variable
l-(hxXq)

is linear in GP coefficient Delaunay et al '13

» should allow one to constrain the third CP direction
» no estimate of the sensitivity yet <«

B e

~ Another CP-odd observable can be constructed in h>vyy channel .

S

, . . challenging
the ¢ operator impacts the correlation

between the photon polarizations that

(need to reconstruct the
separation angles between the e)

can be tracked back to the correlation . :
but interesting

between the converted e

e.g. talk by J. Zupan at KITP 13

Do we need | The Q/P Higgs couplings are generated by operators that also induce TGC
that are already tested at the % level by LEP data
and the constraints can certainly be improved at the LHC Elias-Miro et al ’13

Higgs data?

T Tm———
C/}/‘/SZ‘O/D/M Gr?/'ean Chall el?qe\s / QL(eSi/on\s 7 Y//(}(}S P/?}/S/CS 16 Wien, 3¢ Oc?. 2013



http://arxiv.org/abs/arXiv:1308.4930
http://arxiv.org/abs/arXiv:1308.4930
http://arxiv.org/abs/arXiv:1306.2573
http://arxiv.org/abs/arXiv:1306.2573
http://online.kitp.ucsb.edu/online/lhc_c13/zupan/
http://online.kitp.ucsb.edu/online/lhc_c13/zupan/
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1308.1879
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Chiral Lagrangian for a light Higgs-like scalar

SM \
a=b=c=d3=ds=1

C2¢:CWW:CZZ:CZWZCWWZ---:O

é 1 h h?

o hoon? | A few (reasonable)
= Z My, (i) w(z)iﬁ(%) (1 + Cypy— + b¢—2 + ... .
z v assumptions:
& spin-0 & CP-even
O;%e: (2 Cww W/j—VW_ Wt ezz ZpZM A 2¢24 ZpM + 7W7W> % r‘\ r\i
: , f Y WW & ZZ
+g—; Cog Gl G ™ custodial symmetry
. . =
\ EWPD

@ no Higgs FCNC

(generalization of Glashow-Weinberg th.)

R
\ Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi 10 + many others refs.
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Chiral Lagrangian for a light Higgs-like scalar

!_1 2_1 22_d3 3m%
£ =3 (0uh)° = Smih? — < ( !

(s )
= ) myw DYl (1+cw—
L Y=u,d,l v .
oo O 6 spin0 & CPever
—|‘a8€7:7’ (2 Cww W:VW_ 224 +cCczz Z,MVZ“V +26Z7 Z,UJ/Y'“V +C'yfy ,y/“/,y,ul/) % R R

W OWW&ZZ
@ custodial symmetry

N\ Ewp

@ no Higgs FCNC

(generalization of Glashow-Weinberg th.)

. 4
(p™) R

Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi 10 + many others refs.
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Higgs power counting

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

" Genuine strong operators (sensitive to the scale )
CH (au 2)2 T (R 2 Cylf | 1712 L C6A | 16
s (MHP) | 5 (D)’ SHPRH e i

* * *
.
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

-----------------------------------------------------------------------------------------

.
*
-----------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------
*

o' (DY H)W!
mg 1677 ﬂ“{
....................... ..sw,......mlnlmalcouphngh_)fYZ ) SOt
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*
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---------------------------------------------------------------------------------
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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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------------------------------------------------------------------------------------------------------------------------------------------------------------------------

1C
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...................... g, 2

........ minimal coupling: f, fyZ e loop-sippressed s’rr'ong dynamics
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PY H p l/ : t
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"""""" (PGB Higgs)
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Higgs coupling fits: test of unitarity

| - 7&8 T eV LHC & Tevatron data

‘.' I Espmosa GPOJean Muhlleltner Trott 12
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Higgs coupling fits: test of unitarity
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s coupling fits: test of unitarity

don't leave it in the hands of theorists!

CMS Preliminary 1s=7TeV, L5 1" js~8TeV, L 198 1
E " 4 T B S —
“ . ¢ SMHiggs @ Fermiophobic @ Bkg. only & - ATLAS Preliminary C ": :: ﬁﬁ) ‘E: o ff,\ '
2| ; = 3l \s-?!oV.JLOt-d&A,etb'. #eH - vy Bcombined
I - \s=8TeV, [Ldte 13207 1 + SM x Best Fit
- ! , - -
1
- 1
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0]=g
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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?

—~ 10g T - -
< o ATLAS Preliminary Do riks) “ 5[ ATLAS Preliminary + SM E
< F1s=7TeV,|Ldt=4648f" —Qpserved 1s=7TeV,/Ldt=46-48fb" * Bestfit
i 8L \s=8TeV, [Ldt=1320.7f6" -- SM expected 2F \s=8TeV. [Ldt = 13-20.7 fo! — 68% CL
. £ , 18 - 95% CL
6! 1.6
51 14
4| 1.2F\
3| 1
2| 0.8
1| 0.6
%.4 14 16 09 1 11 12 13 14 15 16 1.7 18
}‘WZ E ™ h
ATLAS-CONF-2013-034
Some tensions |
Ibut no statistically significant deviations from the SM structure
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Back to loop computations

There is a tremendous effort in computing radiative corrections in SM Higgs physics
it is now time to bring BSM Higgs computations to higher accuracy
at least to test/measure possible deviations
A lot has been done with the MSSM and contributed to explore the parameter space

Need to think in a model-independent way

L=Lsu+ 13 208D 4
IR ——— ~e————
L — Lam but g X BR,C% o X BR,q,,

c; — 0

available to LO available to N..NLO
only

New frontier in Higgs precision physics:
me—es===="computing radiative corrections in the effective Lagrangian

) ) Contino, Ghezzi, Grojean, Muhlleitner, Spira ’13
For a discussion, see e.g.

Passarino’12
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RG-improved Higgs physics
Grojean, Jenkins, Manohar, Trott ’13 Elias-Miro, Espinosa, Masso, Pomarol ’13

Integrating-out heavy degrees of freedom gives Wilson coefficients @ NP scale
Higgs physics is done around the weak scale
RG effects can give important effects

Ci(p) = (% +%( ) 8—10g(;;2>> ¢;(M)

anomalous dimensions

operator
that induces (0,|H|*)?

universal shift
. N SR w N AN W N w
of couplings e \Dﬁ\:j - -
w

|
—Q ) — X —«’ h
N _ \\\ | \\\
T X Sdhoawvwnw w XN w
q CH N cy i 0 0O O
Ho Cw + CB = cw +CB %(J> —-1/6 0 0
cgw + CHB CHW + CHB 0 0 0

Christophe Gr?/'ean C/}Q//gﬁggé / Fuestions in >‘//c1c}5 physz‘cs 23 Wien, 3°° Oct. 2013


http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1302.5661
http://arXiv.org/abs/1302.5661
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1301.2588
http://arXiv.org/abs/1301.2588

RG-improved Higgs physics

Grojean, Jenkins, Manohar, Trott ’13

Elias-Miro, Espinosa, Masso, Pomarol ’13

Integrating-out heavy degrees of freedom gives Wilson coefficients @ NP scale

Chris fop/ﬁe Grod'ean

Higgs physics is done around the weak scale
RG effects can give important effects

2

_ 8 _
Ci(p) = (%‘ + %-(3(-)) o 10%(%)) c;(M)

anomalous dimensions

1672 M?

~—— ~——
m?, > v _ gl miy
WVE 1672 f2 ~ 1672 M2 09

Barbieri et al 07
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RG-Higgs physics: Don't forget LEP!

Espinosa, Grojean, Muhlleitner, Trott 12

7&8 TeV LHC data & Tevatron 1, ,,:;f, 7&8 TeV LHC data & Tevatron + EWPD
10+
I LN ] “;"r
I \ nn A%mh‘lﬂ‘
0 . 5 j %E.ﬂﬂ% D |
cC 00- ,
Q4D |
~10
156 ol
0.95 1.00 1.05 1.10
! |

EW data prefer value of 'a’ close to 1

by running, a shift of the coupling induced oblique corrections

that are already highly constrained by LEP data

Eboliet al ’12
for other more complete studies along this line, see Falkowski, Riva, Urbano '13
Elias-Miro, Espinosa, Masso, Pomarol '13
Christophe Grojean Challenges/ Juestions in ¥iqgs physics 24 Wien, 37 Oct. 2013
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Beyond linear Higgs couplings

Is the Higgs part of an SU(2) doublet?
Does New Physics flow towards the SM in the IR?

production and decay rates in agreement with SM is a good hint
but can never exclude a malicious conspiracy
and the SU(2)xU(1) quantum # of the Higgs cannot be measured in single higgs processes

not an easy question at the LHC since we need multi-Higgs couplings
g 0o00N t - h wr B h WA B h
A g d - h
g TOOO "~ h W- . W- S
T —— T — R T —

Grober, Muhlleitner 10
Continoetal ’12

Gillioz et al’12

Contino, Grojean, Contino, Grojean, Pappadopoulo,
Moretti, Piccinini, Rattazzi 10 Rattazzi, Thamm 13

by-1 = 2(av2—1)+0(0v2-1)2 3bsv=4 av(bv-av2)+0(av2—1)2

SM SM SM
Olitev ~ 201b 0itev < 0.91b OliTey < 1ab

( single Higgs production by gluon fusion: o7ty ~ 50 pb )
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Beyond linear Higgs couplings

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ’13

A (WEWI? — WfWﬁ) = A(s, t, U)5ab5Cd + A(t, s, u)5a05bd + A(u,t, s)5ad5bc A = (1 — a2) %
(V)
A(Z292) — hh) = (WFW — hh) = (b— a?) v%

if the Higgs is part of a doublet and custodial symmetry is at work

------------------------------------------------------------------------------
*

. .
------------------------------------------------------------------------------

. N CH .
a single operator of dimension-6 controls these 2 processes: 5 (5’“ \H\Q)

212
Ab=1-b

Aa? =1 —a?

Ab = 2Ad? (14 O(Ad?))

a dimension-8 operator controls the deviations to this universal relation

:1_C_Hv_+(ﬁ_ﬁ)f
/ Cy 2 2 Al 7|2 ' 8 4/ F
Ol = 5 5 |H?0, [ H[*0" | H]

2

v 3c v
b=1—2cy— + (3c% — =2 ) —
CH +<CH 2 >f4

if the Higgs is a Goldstone
then non-linear symmetry relates operators of different dimensions
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Beyond linear Higgs couplings

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ’13

) ] . Ab size of o!im-8
Scenario 1: 10% deviations are observed v
O%

\\ S
At

Aa® ~Ab~ 10% Test dim-8 b

Exp. precision ~ 1% operators

the corrections to the universal relation .
between 'a’ and 'b’ are O(1%) Aa’

1. PNGB (and specific coset) proved

2. SILH proved, PNGB disproved can distinguish a PNGB from
a hon PNGB resonance
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Beyond linear Higgs couplings

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ’13

° . . . Ab size of o!im-8 O
. Scenario 1: 10% deviations are observed v .
. O% :
- Aa®~Ab~ 10% Test dim-8 Q‘\ % .
» Exp. precision ~ 1% operators ' ' .
. the corrections to the universal relation o
° between 'a’ and 'b’ are O(1%) Ad? °
e« 1. PNGB (and specific coset) proved 4 o
o 2. SILH proved, PNGB disproved can distinguish a PNGB from o
. a non PNGB resonance .
° e 6 6 ¢ ¢ ¢ o o ¢ ¢ ¢ o o o o o o °o o o o ©o© °o© ©°o© ©°© °o °o °o °o °o °o °o o o OAI: ([ J .Size.of.c!im-.S e 6 ¢ ¢ o o o o ..
. Scenario 2: 1% deviations are observed °
. eo‘?o"'x g
. Aa?~Ab ~ 1% > R .
« Exp. precision ~ 1% + :
. the corrections to the universal relation are ,+. .
. beyond any future sensitivity Ad® :
o 1. SILH proved °
. 2. SILH (i.e. Higgs doublet) disproved can distinguish a doublet from .
o a non-doublet resonance N
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Beyond inclusive channels

the LHC measurements are plagued with several degeneracies

O the bearable lightness of ‘rhe nggs mch specTroscopy w/ mul’rnple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

mp(GeV) | J2Eome | Zxiomiy
125 1.061 0.933
150 1.093 1.028
200 1.185 1.134

Chris Z‘op/]e Grod'ean

e.g. Grazzini, Sargsyan ’13 ™ unless it doesn't decouple
’ (e.g. 4th generation)

the inclusive rate
doesn't "see” the finite mass of the top

Challenges/Juestions in ¥iqgs physics 29 Wien, 3°° Oc?. 2013
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Beyond inclusive channels

the LHC measurements are plagued with several degeneracies

O the bearable lightness of ‘rhe nggs mch spec’rr'oscopy w/ mul’rlple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

e ’ O unless it doesn't decouple
mpy(GeV) U;L]\é L((;rfﬁlo) ;]]VVLLS((?%?;)) e.8. Grazzini, Sargsyan '13 (e.g. 4th generation)
125 1061 0.988 - the inclusive rate
150 1.093 1.028 e .
500 BEE BEY doesn't "see” the finite mass of the top
: ......... et ; long d | sTance phys|cs (modn‘ |ed .1'.0 p couplmg) ........ :
—> :cannot disentangle . - - L <=
—77 O short distance physics (new particles running in the loop) -
C ~
L= 1275|H\2G + —'YIHV o+ yicrqr Htp|H|?
— h I'(h —
O'(ggM ) _ (1 4+ (Cg L ct)v2)2 ( SMV’V) _ (1 4+ (CW L 4Ct/9),02)2

9
fermionic top-partners in composite Higgs models exactly lead to Ac: = Acg = S Acy .
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Beyond inclusive channels

the LHC measurements are plagued with several degener'acies

O the bearable lightness of ‘rhe nggs mch spec’rr'oscopy w/ mul’rlple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

£ ’ O unless it doesn't decouple
mpy(GeV) U;L]\é L((;rfﬁlo) ;]]VVLLS((?Z&?;)) e.8. Grazzini, Sargsyan '13 (e.g. 4th generation)
12 1061 Dsicis ~ the inclusive rate
150 1.093 1.028 o -
500 BEE BEY doesn't "see” the finite mass of the top
: ......... St ; long d | sTance phys|cs (modn‘ |ed .'r.o p couplmg) ........ :
#> :cannot dnsen’rangle o sh : : : L . <‘r
, ort distance physics (new particles running in the loop) -
C ~
L= 12;|H\2G + —’Y|H\2 u‘|‘ytctgLHtR’H‘2
— h I'(h —
O'(gg ) _ (1 4+ (Cg . ct)v2)2 ( 77) _ (1 4+ (CW L 4Ct/9),02)2

SM SM
9
fermionic top-partners in composite Higgs models exactly lead to Ac: = Acg = S Acy .

, having access to htt final state will resolve this degeneracy

but notoriously difficult channel

14%-4% @ LHCaay-LHC3000 vs 10%-4% @ ILCoao-ILCioo
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e — e 2

high pt # Higgs off-shell
we "see” the details of the particles
running inside the loops

Langenegger, Spira, Starodumov, Trueb 06

Chris Z‘op/ﬁe Grod'ean

Beyond inclusive channels

cut open the top

Baur, Glover 90

loops

0'7_I 1 1 1

Challenges )/ Juestions in Y/{qqé PASSICS

1.2 T T T T

- pp~H+X

- NLO
1.1

Vs=8 TeV
MSTW2008 NLO

Grazzlini, Slargsyla,n ’1’3|>

Mp=pp=my=125 GeV -

1
50 100 150 250

pr (GeV)

200

30

Note: LO only
NLOmnt is hot known
1/my corrections known O(os?)
few % up to pt~150 GeV

Harlanderetal ’12

the high pr tail
is tens' % sensitive
to the mass of top

Wien, 3°° Oct. 2013
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Beyond inclusive channels

Note: LO only

LR T T T T T NLOmfisno’rknown
CUT Open The TOP IOOPS - PPoHYX Vs=8 TeV Hr=pr=my=125 GeV 1 1/m+ corrections known O(as*)
o . I et s L - NLO MSTW2008 NLO 1 °
e s » L1 — few % up to pt~150 GeV

high pt # Higgs of f-shell Harlander et al ’12
we "see” the details of the particles

running inside the loops

Baur, Glover 90
Langenegger, Spira, Starodumov, Trueb 06

the high pr tail
is tens' % sensitive
to the mass of top

Gra,zzlini, Sla,rgsyla,n ’1?|>

0'7_I 1 1 1 |

0 50 100 150 200 250I - I3\00
Pr (GeV)
see also Banfi, Martin, Sanz 13 CO mpOS Te 995 ode Grojean, Salvioni, Schlaffer, Weiler
see also Azatov, Paul '13 top partners contributions ‘ in progress
- ~_MCHMS5.,6=0.1 " MCHMS5.,¢=01
14} . — 1.4
I T 072} §
~ ‘% O
212 émoWw I, 8 125
S & 068) o :
ELO 1 inclusive rate: O(%) A 1058
s | | | | | , R :
g} 500 1000 1 ;Olzmes‘ e2000 2500 3000 | E °
=08 [GeV] | é’i 0.8 RN N PR RN ‘ o
e S . . . 10 5 ; \ ‘. ".'1'-" P V
ol | with high-pr cut: O(x10'%) -
500 1000 1500 2000 2500 3000 M 500 1000 1500 2000 2500 300
Miightest [G€V] ‘ Miightest [GEV]

high pr tail "sees” the top partners that are missed by the inclusive rate
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CUT Open The TOP I OOPS Grojean, Salvioni, Schlaffer, Weiler
- I — — ‘in progress
see also Azatov, Paul ’13

high pt tail discriminates short and Iong distance phys:cs contribution to gg = h

03F o3[~ T\ 1 031
\fs = 14Tev, [£dt=3000fb" f \/— 14TeV., [£dt = 3000 fo-" *
I pr > 650 GeV ] I pr > 650 GCV 1 i
0-2 j L4 ,Ltinc]=0.8, ,uboostzl 5 i 0.2 j [ ] ﬂinclzl.o, /*lboostzl'5 i 02 j
® 'uind:o'& ﬂbOOStzl'O 1 ® /lincl:LOs ,uboostzl-o b
| ° :uinclzo'& #boostzo-5 : | ® /Jinclzl-07 /«lboost:O‘5 : L
01F Hina=0.8 + 20% . 01F ina1=1.0 £ 20% 01r
000 %00 «° 00
-0.1 ; -0.1 ; -0.1 ;
— — s = 14TeV, [£dt=3000 fb-
- pr > 650 GeV
-0.2 i -0.2 i -02 e Hinc1=1.2, tpoost=1.5
- ® Uina=1.2, proost=1.0
[ i @ fina=1.2, fboon=0.5
03¢, SN -0.3 L L | L L L | I I I | I I I | I I I | I I -0.3 L I M]1n01=\1'\2 iwzo% \\\\\\\\\\\\\
0.6 0.8 1.0 1.2 14 0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
Cy C Ct

\[?

N/

Competitive/complementary to htt channel o measure the top-Higgs coupling

"AAr'e the NLOn QCD corrections (not known) going to destroy all the sensi’rivi‘ry?:'
| Frontier priority: N°LO. for inclusive xs or NLOmt for pT spectrum? |
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pT distribution with full quark mass dependence known at LO order.
K-factor are known to be large. However, most of the QCD corrections drop out in xs ratios:

o(pr > 650 GeV)/o(pr > 200 GeV)

™ scale variation around few % corrections only
M LO—NLO in mi= limit (MCFM): less than 10% corrections

O Validity of EFT approach? e

we rely on an EFT approach to describe the effects of heavy resonances
but we impose a large pT cut potentially close to the cutoff

___MCHM>S. pr > 600 GeV

the effective theory is

|
|
|
| _ @ for masses above pTmin,
|
|
" L accurate within < 10%

500 1000 1500 2000 2500 3000

\ Miightest [GeV]
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Boosted SUSY Higgs

natural susy calls for light stop(s) that can affect the Higgs physics

['(h < gg) > L(h — v7v) )
— (14+A)? — (1 —0.28A
['(h < gg9)sm ( 2 ['(h = y7v)sm ( 2
2 2
e (] L A7
Ay~ 4 (m%l + mé m%)

..or not if A+®0, e.g. light stop window in the MSSM Delgado et al 12
(stop right ~200-4006GeV ~ neutralino w/ gluino < 1.5 TeV)

3000 F

4+ Higgs rates

4+ flavor constraints (ex, B—Xs+y)
4+ RG evolution

+ DM

2500 -
2000 -

1500 -

iest stop mass m; in GeV
2

1000 -

Heav

difficult direct search (trigger on stop+extra jet)

500 -

Lightest stop mass m; in GeV
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The light stop flat direction

flat direction
Real soft masses A, ~ 0

mego, My € R

m; =220 GeV m; =270 GeV
1200 s 1200 s =0T g
L L Ve L s 1
1000 | 1000 | 1000 | o/ |
_ 800 . 800- 800} '
> ’ > ’ > ’
S 600 | S 600 | S 600}
< 400 < 400 < 400
200 [0 200 000 T T
0 -_ Loy 0 Lo | P T | L L 0 -_ PR | L L | L L L L L L L PR d O -_ L L | L L L | L L L | L L L | L L L 1
200 400 600 800 10041200 200 400 600 800 1000 1200 400 600 800 1000 1200
m- [GeV] m- [GeV] m- [GeV]
Iy &) )

Charge-color breaking vacua

Af +3p* < a- (mf +m3 ) hAtLty
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Boosted SUSY Higgs

Grojean, Salvioni, Schlaffer, Weiler °in progress

Point | m;, [GeV] | mg, [GeV] | A; [GeV] AW s
P, 171 440 490 | 0.0026 Qw
P, 192 1924 1220 | 0.013 % 1.2
P 259 1212 0| 0.12 f
je 226 484 532 | 0.015

Chris fop/ﬁe Gr?/'ean

100 200

pr™"[GeV]

300 400 500 600 700 800

~10% sensitivity on boosted h+j can
close out the light stop window

Challenges )/ Juestions in %995 PASSICS
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Cmﬁ:m.' E@mfz/w SW
The LHC leaves us with the deepest mathematical pb:

Dissertori, ECFA '13

x -0 = 7
7 \ !

number of already number of general state of (our)
performed BSM significant/ mind (?)
searches interesting/exciting

deviations from
SM predictions

Understanding the scalar sector of the SM
will help us grasping what lays beyond the SM
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Beyond the Higgs
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Beyond the Higgs

’ >///3\9§ = errergency Zire of the SM’

Altarelli @ Blois’10

[ picture courtesy to Andreas Weiler]
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